This critical review provides an overview of the continually expanding family of fluorescent proteins (FPs) that have become essential tools for studies of cell biology and physiology. Here, we describe the characteristics of the genetically encoded fluorescent markers that now span the visible spectrum from deep blue to deep red. We identify some of the novel FPs that have unusual characteristics that make them useful reporters of the dynamic behaviors of proteins inside cells, and describe how many different optical methods can be combined with the FPs to provide quantitative measurements in living systems (227 references).
Introduction
There has long been a fascination with things in nature that glow-illustrated by the comments of Pliny the Elder in AD77. 1 It is now well appreciated that, aside from the jellyfish found in the Bay of Naples (Pulmo marinus) first described by Pliny the Elder, many marine organisms produce light through chemiluminescent or fluorescence (and as we will see, sometimes both) processes. 2 Efforts to identify the molecular basis for the glow of the jellyfish began with Osamu Shimomura's studies of the Aequorea jellyfish in the early 1960's. Then at Princeton University, Shimomura traveled with Frank Johnson to Friday Harbor Laboratories at the University of Washington with the goal of developing a method to extract the light emitting components from Aequorea victoria. They observed that when the circumoral ring on the underside of the jellyfish, which contains the luminescent organs, was removed and squeezed through a sieve, the ''squeezate'' was dimly luminescent. 3 In a heroic effort, involving the collection and processing of many thousands of jellyfish into squeezate, they isolated and purified 
Richard N. Day
Richard N. Day is a Professor in the Department of Cellular and Integrative Physiology at the Indiana University School of Medicine. His research focuses on understanding the network of regulatory protein interactions that function to control cell-type specific gene expression. His laboratory group uses biochemical and molecular approaches to define networks of protein interactions that are coordinated by specific transcription factors. These in vitro approaches are then complemented by non-invasive live-cell imaging techniques using the many different color variants of the marine invertebrate fluorescent proteins. Recent studies from the laboratory have used Fo¨rster resonance energy transfer (FRET)-based microscopy approaches to begin to define networks of protein interactions in living cells. Fortunately, Prasher's concerns regarding the difficulties of expressing Aequorea GFP in other biological systems proved to be unwarranted. Using the clone isolated by Prasher, Martin Chalfie successfully expressed GFP in both bacteria and the sensory neurons of Caenorhabditis elegans nematode worms, demonstrating for the first time that chromophore formation (and fluorescence) required no additional factors that were specific to the jellyfish. 9 Many other studies rapidly followed, which demonstrated the utility of this new genetically encoded probe for in vivo fluorescence labeling in a variety of different cellular systems and transgenic organisms. [10] [11] [12] [13] [14] As it turns out, the GFP chromophore is encoded by the primary amino acid sequence, and it forms spontaneously without the requirement for cofactors or external enzyme components (other than molecular oxygen), through a self-catalyzed protein folding mechanism and intramolecular rearrangement (for more on this subject, see other articles in this themed issue). The genetically encoded GFP provided for the first time the ability to label specific proteins inside the living cell without the need for exogenous synthetic or antibody-labeled fluorescent tags. When coupled with the astonishing advances in live-cell imaging instrument (microscope and camera) technologies that have occurred over the past decade, the fluorescent proteins (FPs) have truly ushered in a new era for investigations related to cell biology, medicine, and physiology. Presented in Fig. 1 is a timeline of important events in the development of the fluorescent proteins described throughout this review article. These tools now provide an important complement to the classical biochemical studies, extending the analysis of protein-protein interactions, protein conformational changes, and the behavior of signaling molecules to their natural environment within the intact cell.
The A. victoria GFP
Early studies by Shimomura 15 using the purified Aequorea GFP showed that the entire protein sequence was necessary for its characteristic fluorescence. However, the digestion of the purified protein with papain, followed by highperformance liquid chromatography to isolate the fragments, revealed that a single hexapeptide sequence starting at amino acid 64 was responsible for all the light absorption properties of GFP. 16 This discovery led to the demonstration that the chromophore absorbing the blue light energy from aequorin was formed by the cyclization of the adjacent Ser65-Tyr66-Gly67 (the number denotes the position in the intact peptide sequence) residues within this hexapeptide sequence. 16 The most popular model describing the formation of the chromophore (outlined in Fig. 2 ) during the maturation of GFP has a series of torsional peptide and side-chain bond adjustments that position the carboxyl carbon of Ser65 close to the amino nitrogen atom of Gly67. This leads to a nucleophilic attack by the amide nitrogen of glycine on the serine carbonyl carbon atom, which is followed by dehydration, resulting in the formation of an imidazolin-5-one heterocyclic ring system. 16 Fluorescence occurs when oxidization of the Tyr66 a-b carbon bond by molecular oxygen extends the conjugation of electron orbitals of the imidazoline ring system to include the tyrosine phenyl ring, and its para-oxygen substituent. 3, 17, 18 Participation of molecular oxygen is a critical factor in chromophore development, and at least one oxygen molecule is required for dehydrogenation. 18, 19 Additionally, Arg96 and Glu222, two residues that are invariant in every FP yet discovered, are thought to catalyze the reaction. The end result of chromophore maturation is a highly conjugated p-electron resonance system that largely accounts for the spectroscopic and photophysical properties of the protein.
In 1996, the crystal structure for GFP was solved, revealing that the cyclic tripeptide chromophore is buried in the center Fig. 2 Steps in the formation of the A. victoria wtGFP chromophore.
of a nearly perfect cylinder formed by a tightly interwoven eleven-stranded ''b-barrel'' structure 20, 21 (see Fig. 3 ). As the protein folds, the tripeptide sequence is positioned at the core of the b-barrel, driving the cyclization and dehydration reactions necessary to form the mature chromophore. 3, 18 Visualization of the intact structure of GFP explained the earlier observations that nearly the entire protein sequence is required to generate a functional chromophore. 15, 22 The remarkable cylindrical geometry of GFP is conserved in all the FPs yet discovered, and appears to be ideally suited to the primary function of protecting the chromophore. The b-barrel structure has dimensions of approximately 25 Å Â 40 Å , 20 and the tight packing of amino acid residues imparts a high level of stability to the protein. A lack of clefts and gaps for access of small ligands (such as ions and oxygen), combined with the fact that the chromophore is located near the exact center of the protein (almost perpendicular to the long axis of the barrel), partially explains the extraordinary photostability and high quantum yields that are observed (for more on this subject, see other articles in this themed issue). Fortunately for the cell biologists, both the amino and carboxy termini are exposed on the surface of the barrel, and therefore are available to be employed as linkers to fusion proteins without significantly affecting the structural integrity of the fluorophore. The compact protein structure also enhances resistance to changes in pH, temperature, fixation with paraformaldehyde, and the disruptive action of many common denaturing agents, such as urea and guanidinium hydrochloride. 18 
Spectral variants from the Aequorea GFP
Over the last decade, the application of both site-directed and random mutagenesis approaches to the cDNA encoding the Aequorea-GFP have demonstrated that its fluorescence properties are very dependent on the three-dimensional structure of amino acid residues surrounding the chromophore. 18, 23, 24 As will be discussed below, mutations that alter the residues immediately adjacent to the chromophore generally have a significant impact on the spectral properties of the protein. Surprisingly, however, several amino acid substitutions in regions of the polypeptide far removed from the chromophore were also found to profoundly affect the spectral characteristics of the protein. 24 These protein engineering approaches have generated many different spectral variants from the Aequorea GFP, and some of the more significant derivatives are discussed below and catalogued in Table 1 . Just as important, site-directed mutagenesis was also used to introduce substitutions that improved the efficiency of protein maturation and expression in many different heterologous cell systems. For example, preferred human codon usage was incorporated for improved expression in mammalian cells, as well as silent mutations that increased Table 1 Properties of selected Aequorea-GFP derivatives. The peak excitation (Ex) and emission (Em) wavelengths, molar extinction coefficient (EC), quantum yield (QY), relative brightness, and physiological quaternary structure are listed (* signifies a weak dimer, see Section 2.6). The computed brightness values were derived from the product of the molar extinction coefficient and quantum yield, divided by the value for EGFP the efficiency of folding and maturation of the protein at physiological temperatures. 18, [25] [26] [27] These variants are collectively termed the ''enhanced'' (E) FPs.
Green Aequorea fluorescent proteins
The wild-type (wt) Aequorea GFP displays a complex absorption spectrum, with maximal excitation occurring at 397 nm, and a minor secondary peak residing at 476 nm (Fig. 4A ). Boxer and colleagues 28 examined the dynamics of wtGFP protein in the excited state, and showed that fluorescence resulted from deprotonation of the Tyr66 residue within the chromophore that resulted in an ionic species favoring excitation at 476 nm. The predominate ground state species contains a protonated Tyr66 residue and is responsible for the larger 397 nm absorption peak. In addition, it is thought that the charged intermediate state exists as a minor population of the ground (non-excited) state, accounting for the minor secondary absorption peak at 476 nm. 28 The complex absorption spectrum featuring a significantly higher extinction coefficient at near UV wavelengths, coupled with the low quantum yield of wtGFP, has severely limited its utility for cellular imaging applications.
Mutagenesis strategies were initially applied to the sequence encoding wtGFP to determine whether different amino acid substitutions might be used to ''fine-tune'' its spectral characteristics. This approach has yielded a broad range of derivative FPs with fluorescence emission ranging from the blue to the yellow regions of the visible spectrum. 18, 26 For example, an interesting variant of wtGFP, named Sapphire, 18 resulted from the substitution of the isoleucine for threonine at position 203 (T203I). This residue is located in one of the b-sheet strands that surround a central a-helix containing the chromophore, and is positioned close to the chromophore, where it influences the local environment. The consequence of the T203I substitution is a loss of the secondary absorption peak of GFP at 475 nm, resulting in a derivative exhibiting peak absorption at 399 nm and emission in the green spectral region (maxima at 511 nm; Table 1 ). The separation between the peak excitation and the peak emission, known as the Stokes shift, is more than 100 nm for Sapphire, and is one of the largest for the current FPs. Several improved Sapphire variants were subsequently developed with more efficient maturation, including a probe known as T-Sapphire. 27 Early studies on the structure-function relationships in the GFP chromophore region by Roger Tsien's laboratory (reviewed in ref. 18) showed that mutations that altered the first amino acid in the chromophore, Ser65, to cysteine, leucine, alanine, or threonine simplified the excitation spectrum to a single peak ranging from 471 to 489 nm. 22 For example, changing the Ser65 to threonine (S65T) stabilized the hydrogen-bonding network in the chromophore, resulting in a permanently ionized form of the chromophore absorbing at 489 nm. 17, 29, 30 This GFP S65T variant was a distinct improvement over wtGFP for applications as a fluorescent marker in living cells, because it had a well-defined absorption profile with a single peak at 489 nm (see Fig. 4B ). 23 In addition, the GFP S65T derivative is about five-fold brighter than wtGFP, and it matures more rapidly, allowing fluorescence to be detected at earlier time points after cell transfection. 23 The GFP S65T variant was further modified by replacing phenylalanine for leucine at position 64 (F64L), which improved the efficiency of protein maturation at 37 1C, yielding EGFP (enhanced GFP). This enhanced derivative features an excitation spectral profile that overlays nicely with the 488 nm argon-ion laser line and is similar in profile to fluorescein and related synthetic fluorophores that are readily imaged using commonly available filter sets designed for fluorescein (FITC). Furthermore, EGFP is among the brightest and most photostable of the Aequoreabased FPs (Fig. 5C) . 26, 31 The only drawbacks to the use of EGFP as a fusion tag are a slight sensitivity to pH and a weak tendency to dimerize (this important aspect is discussed in Section 2.6).
Continued engineering of EGFP has yielded several green variants with improved characteristics. Among the best of these is the variant named Emerald (after the precious gemstone), which has improved photostability and brightness (see Table 1 ). 30, 31 Until recently, there was no commercial source for plasmids encoding Emerald (it is now available from Invitrogen), so there has been limited use of this green Fig. 4 Absorption and emission spectral profiles of (A) wild-type A. victoria GFP; and (B) the improved S65T derivative.
variant. The Emerald derivative contains the S65T, and F64L mutations featured in EGFP, but also has four additional point mutations that further improve the efficiency of maturation and folding at 37 1C, and increase the intrinsic brightness. Although Emerald is more efficient than EGFP in folding and developing fluorescence in mammalian cells, it has a fast photobleaching component that might affect quantitative imaging in some environments.
Among the most interesting new developments in the Aequorea GFP palette over the past several years is the ''superfolder'' GFP, 32 which was designed to fold even when fused to insoluble proteins. As an added benefit, superfolder GFP is slightly brighter and more acid resistant than either EGFP or Emerald. Waldo and colleagues 32 engineered superfolder GFP by fusing libraries of shuffled GFP sequences to relatively insoluble ''bait'' polypeptides known to interfere with GFP folding when expressed in bacteria. Starting with cycle-3 GFP, 33 the EGFP mutations F64L and S65T were added, and after 4 rounds of DNA shuffling, the investigators isolated a brightly fluorescent fusion clone (superfolder GFP) that contained 6 new mutations in addition to the cycle-3 and EGFP mutations. The work with superfolder GFP is clear evidence that there is significantly more room for engineering improvements even in the highly optimized GFP derivatives.
Blue Aequorea fluorescent proteins
One of the earliest color variants derived from the wtGFP was a blue FP (BFP), which contains the substitution of Tyr66 with histidine (Y66H). 30, 34 The Y66H mutation (Fig. 5A ) produced a chromophore having a broad absorption band centered close to 380 nm (Fig. 6A) , with blue light emission peaking at 448 nm (Fig. 6B) . 17, 30 The original version of BFP had a low quantum yield and exhibited only about 15-20% of the brightness of the parent GFP (Table 1) , so there was a need for additional mutations to improve the characteristics of the protein. The introduction of these mutations led to the improved EBFP variant, but this FP was still only 25% as bright as EGFP and its use as a cellular marker was severely limited by poor photostability. [35] [36] [37] In the mid-to-late 1990's, investigators had a keen interest in creating matched pairs of FPs for Fo¨rster (or Fluorescence) resonance energy transfer (FRET; described in Section 5.3) experiments, as well as investigations requiring multicolor labeling. 18 Because the fluorescence emission profile of EBFP is readily distinguishable from EGFP, this FP combination was the first utilized for dual color imaging. 34, 38 EBFP also has the distinction of being incorporated into the first genetically encoded biosensor reporter proteins as a direct fusion to EGFP. The broad emission peak of EBFP overlaps significantly with the absorption band of EGFP, allowing this pair to be used in FRET microscopy. 39 The linkage of EBFP to EGFP through an intervening protease-sensitive spacer allowed FRET to be used to demonstrate the cleavage of the biosensor protein (the biosensor technique will be described in detail in Section 5). 34, 40 In addition, EBFP was used in combination with different GFP derivatives in FRET experiments designed to monitor transcription factor dimerization, 41, 42 calcium fluctuations, 43, 44 and apoptosis. is illustrated in the cis conformation as occurs for Cerulean derivatives rather than the trans isomer that is common to CFP and related variants. Portions of the chromophores that are conjugated and give rise to fluorescence are shaded with colors corresponding to the emission spectral profile. Aside from its low intrinsic brightness and sensitivity to photobleaching, the usefulness of EBFP for cellular imaging was also limited by its requirement for excitation with near-UV light, which is phototoxic to mammalian cells, even under limited illumination. [46] [47] [48] Further, substantially more cellular autofluorescence and light scattering is observed when exciting fluorophores in this spectral region, and microscope systems require specialized light sources, optics, and filter combinations for imaging at near-UV wavelengths. 49 Because of these problems, there was limited interest in developing more efficient EBFPs for almost a decade. Recently, however, several groups used advanced mutagenesis strategies to develop new BFP variants with much higher quantum yields and photostabilities, greatly improving the utility of these deep blue probes. [50] [51] [52] These new BFPs (Table 1) are named Azurite, 52 SBFP2 (strongly enhanced blue fluorescent protein), 51 and EBFP2. 50 The most promising derivative, EBFP2, is the brightest and most photostable of the BFP variants yet discovered, and has been shown to be an excellent donor for FRET studies.
31 EBFP2 should be useful for long-term imaging in living cells in situations where a blue probe is required, especially when two-photon excitation is used, which avoids cellular damage by near UV excitation. 53 All BFP variants can be readily imaged using standard BFP and DAPI fluorescence filter sets.
Substitution of Tyr66 with phenylalanine in wtGFP also produces a blue FP, but in this case the spectral profiles are shifted to even shorter wavelengths than are observed with histidine at the same position (peaks for excitation at 360 nm and emission at 442 nm), 18 and the resulting variant is extremely dim. Renewed interest in this chromophore was initiated with the introduction of an advanced derivative named Sirius 54 that is much brighter than the parent Phe66 variant, more photostable than EBFP2, and extremely insensitive to pH fluctuations. Although Sirius is only approximately 10% as bright as EGFP, it features the shortest emission wavelength yet reported among fluorescent proteins (424 nm). Sirius was demonstrated to be stable at pH values ranging from 3 to 9 and exhibits potential as a FRET donor for cyan FPs, but the requirement for excitation in the ultraviolet region (355 nm) will hinder attempts at long-term time-lapse imaging of living cells because of problems associated with phototoxicity and autofluorescence (discussed above).
Cyan Aequorea fluorescent proteins
The development of cyan (CFP) color variants from the Aequorea GFP provided an early alternative to the BFPs. Cyan fluorescence results from substitution of Tyr66 with tryptophan (Y66W; Fig. 5B ), and an enhanced version (ECFP) was generated by including several additional substitutions within the surrounding b-barrel structure. 17, 30 The original Y66W mutation yielded a chromophore featuring a broad, bimodal absorption spectrum that peaks at 433 and 445 nm (Fig. 6A) , and an equally broad, bimodal fluorescence emission profile with maxima at 475 and 503 nm (Fig. 6B) . Subsequent refinements, including the addition of the F64L substitution that improves maturation and the S65T mutation (discussed above), resulted in an enhanced version (ECFP) with improved brightness and photostability. 22, 36 Even with these modifications, however, the brightness of ECFP is still only about 40% of that of EGFP. Additionally, as was observed for the wtGFP, the complex excitation spectrum of ECFP indicates that there is more than one excited state species for ECFP, and this has been subsequently confirmed using fluorescence lifetime measurements. 55 This attribute has limited the usefulness of ECFP as a probe for fluorescence lifetime imaging microscopy (FLIM), and will be discussed in Section 5.
Efforts to address the complex excited state characteristics of ECFP have yielded a high-performance variant, termed Cerulean (after the sky-blue color; Table 1 ), which resulted from targeted substitutions on the solvent-exposed surface of ECFP (Tyr145 and His148). Cerulean has a higher extinction coefficient, increased quantum yield, and is reported to have a simplified excited state when compared to ECFP. 56 Cerulean is at least 1.5-fold brighter than ECFP, and demonstrates increased contrast and signal-to-noise when coupled with yellow-emitting FPs, such as Venus, in FRET investigations (discussed in Section 5.3). Indeed, the combination of Cerulean and one of the high-performance yellow-emitting Aequorea FPs (Venus and Citrine, Section 2.5) is currently the most popular pairing for FRET-based measurements. 57 The advantageous features afforded by Cerulean make this protein one of the most useful Aequorea-based derivatives. However, when Cerulean is expressed in living cells, its fluorescence decay kinetics still indicate the presence of more than one excited state species. 58, 59 As will be discussed below (Section 5.3), techniques that measure the fluorescence lifetime of a fluorophore are most accurate when the probe has simple decay kinetics.
The introduction of beneficial ''folding'' mutations into ECFP resulted in new monomeric variants featuring enhanced brightness, solubility, and improved performance for FRET-based imaging approaches. Announced by the authors 60 as ''super'' CFPs (SCFPs), the engineered variants are significantly brighter than the parent protein when expressed in bacteria and almost two-fold brighter in mammalian cells. The authors speculate that these highperformance FPs should have improved utility for labeling cellular proteins, and may also be useful for creating new CFP-based FRET biosensors with an improved dynamic range. 60 The optimal detection of CFPs using widefield fluorescence microscopy requires a specialized filter set that is available from the microscope companies or aftermarket filter manufacturers. When the CFPs are used for laser scanning confocal microscopy, the most efficient excitation is achieved with a 440 nm diode laser, but the more commonly available 405 nm and 458 nm laser lines can also be employed, albeit with significantly reduced excitation efficiency.
Yellowish-green Aequorea fluorescent proteins
The longest-wavelength emitting variants of Aequorea GFP were generated after careful inspection of the native GFP crystal structure. 20 The X-ray studies indicated that the Thr203 residue in the b-barrel lies in close proximity to the chromophore, and the Sapphire mutation (T203I; discussed above) had already demonstrated that substitutions at this position had the potential to change the spectral profile of the protein. The targeted substitution of Thr203 with tyrosine (T203Y; Fig. 5D ) was expected to induce p-orbital stacking, leading to the stabilization of the chromophore excited state dipole moment. 61 The T203Y substitution (originally named ''mutant 10C'') resulted in almost a 20 nm shift to longer wavelengths for both the excitation and emission spectra (Fig. 6) , generating a new FP with yellowish-green emission (YFP). 18, 20, 61 The enhanced version, EYFP, has become one of the brightest and most widely utilized of the FPs. 26, 62, 63 Unfortunately, EYFP is very sensitive to acidic pH, losing B50% of its fluorescence at pH 6.5. In addition, EYFP is also very sensitive to chloride ions, and exhibits poor photostability when compared to many of the other Aequorea FP variants. Nevertheless, several investigators have exploited the environmental sensitivity of YFP to develop biosensors to measure cytoplasmic pH, 64 and chloride ion concentrations. 65, 66 Continued efforts to improve the YFP family led to the discovery that substitution of the glutamine at position 69 for methionine (Q69M) dramatically increases the acid stability of the protein, while simultaneously reducing its chloride sensitivity. 67 This variant has been named Citrine in recognition of the yellow color and acid resistance ( Table 1 ). In addition, Citrine is expressed more efficiently in mammalian cell culture (especially when targeted to acidic organelles) and is more photostable than many previous yellow fluorescent proteins. Citrine features absorption and fluorescence emission maxima at 516 and 529 nm, respectively, and is 75% brighter than EGFP, although it is still much less photostable. During continued studies, Nagai and colleagues 25 demonstrated that substitution of the phenylalanine at position 46 with leucine (F46L) dramatically improved the maturation efficiency and reduced the halide sensitivity of YFP to yield a derivative that they named Venus (after the brightest object in the nighttime sky). Additional mutations were introduced that increased the tolerance of Venus to acidic environments. However, the photostability of Venus is only about 25% that of EYFP, which is a significant problem for long-term imaging experiments. Unfortunately, most of the Aequorea-based YFP derivatives (EYFP, Citrine, and Venus) are not available from commercial sources. A similar, but less well-characterized Aequorea derivative, named after the birthstone Topaz, 30 is currently available from Invitrogen. Several other EYFP variants have been introduced and may be useful for specialized applications (Table 1) . For example, the comprehensive site-directed mutagenesis strategies that yielded optimized monomeric variants of ECFP (discussed above) were also applied to EYFP to select for derivatives having enhanced brightness, folding efficiency, solubility, and utility in FRET applications. 60 These efforts resulted in what has been termed a ''super'' yellow fluorescent protein derivative, SYFP, which is significantly brighter than the parent protein when expressed in bacteria and mammalian cells. Another potentially useful variant of EYFP was generated using an evolutionary mutagenesis strategy that was applied to cDNAs encoding a linked CFP-YFP pair. Here, the goal was to simultaneously mutate CFP and YFP, and select for pairs with improved FRET efficiency. 68 The cDNA libraries were screened directly for FRET efficiency and the best clones were subjected to several evolutionary cycles of random mutagenesis and synthetic DNA shuffling. This resulted in the generation of a new CFP-YFP pair, named CyPet-YPet (for cyan or yellow fluorescent protein for energy transfer) that displayed a four-fold improvement in the ratiometric FRET signal. 68 A total of seven mutations were accumulated in CFP during the directed evolution to yield CyPet, which features absorption and emission maxima positioned at 435 nm and 477 nm, respectively. However, CyPet is only two-thirds as bright as Cerulean, and is not optimally expressed in cells grown at 37 1C, limiting its use for stand-alone applications. 26 In contrast, YPet is the brightest of the YFP variants yet developed and demonstrates excellent photostability. In addition, YPet is more resistant to acidic environments than other YFP derivatives, which will enhance its utility in biosensor combinations targeted at acidic organelles. However, although the CyPet-YPet pair was selected as an optimized pairing for FRET studies, the poor quantum yield of CyPet has raised doubts about the origin of the improved FRET response. Recently, it was shown that the enhanced FRET signals resulted from the S208F and V224L mutations, which act to stabilize an intramolecular complex formed between the linked CyPet and YPet. 69, 70 This artifact illustrates how the potential for the Aequorea-based FPs to self-associate can be an important consideration for many different types of studies using these cellular markers.
Oligomerization of the fluorescent proteins
Virtually all the FPs discovered to date display varying degrees of quaternary structure. For example, there is a weak tendency of native Aequorea GFP and its derivatives to dimerize if they are immobilized at high concentrations, such as when constrained to membranes or when incorporated as fusions to proteins that form biopolymers. 71, 72 Similarly, FPs isolated from Renilla sea pansies 73 have been verified to form obligate dimers, which are necessary for solubility. To further complicate matters, there appears to be a strict tetramerization motif for most of the native yellow, orange, and red fluorescent proteins (Fig. 7 ) isolated in reef corals and anemones. [74] [75] [76] [77] FP oligomerization can be a significant problem for many applications in cell biology, particularly in cases where the FP is fused to a partner host protein that is targeted at a specific subcellular location. Once expressed, the formation of dimers and higher order oligomers induced by the FP portion of the chimera can produce atypical localization, disrupt normal function, interfere with signaling cascades, or restrict the fusion product to aggregation within a specific organelle or the cytoplasm. This effect is particularly evident when the FP is fused to partners such as actin, tubulin, gap junction connexins, or histones, which naturally form oligomeric structures in vivo. Fusion products with proteins that form only weak dimers (i.e., most of the Aequorea GFP variants) may not exhibit aggregation or improper targeting, provided the localized concentration remains low. However, when dimeric FPs are targeted to specific cellular compartments, such as the tight, two-dimensional constraints of the plasma membrane, 72 the localized FP concentration can become high enough to permit dimerization or even aggregation in some circumstances. This is of particular concern when conducting FRET experiments, which can yield complex data sets that are easily compromised by dimerization artifacts. The basic strategy for overcoming oligomerization is to modify the FP amino acid sequence to include residues that disrupt intermolecular binding, a procedure that varies in complexity depending on the nature and origin of the FP. For many Aequorea-based variants, dimerization can be either significantly reduced or eliminated completely 78 by replacing the hydrophobic amino acid side chains in the dimer interface with positively charged residues at several key sequence positions. The three most successful mutations, in increasing order of effectiveness, are F223R, L221K, and A206K, where the non-polar amino acids phenylalanine, leucine, and alanine are replaced by hydrophilic alternatives (arginine or lysine). In cases where close molecular associations are suspected involving a fusion protein and where quantitative FRET interactions are being investigated, it is highly recommended that Aequorea GFP variants are converted into monomers using one of these point mutations (preferably A206K). 24, 26, 31 Creating FP monomers from the tetrameric reef coral and sea anemone proteins has proven to be far more difficult. For example, the FP isolated from the sea anemone Discosoma striata, called DsRed (discussed further in Section 3.1), is an obligate tetramer even at exceedingly low concentrations, 74, 79, 80 and cannot be dissociated without irreversible denaturation of the polypeptides. 81 In the tetrameric unit, each DsRed protein interacts with two adjacent neighbors, one through a hydrophobic interface and the other through a hydrophilic interface. 71, 74, 76 Other Anthozoa proteins, such as the Zoanthus variants and eqFP611 82, 83 discussed below, have simpler interfaces that may prove easier to break apart into functional monomers. The most successful approaches 24, 71 utilized so far to generate FP monomers with Anthozoa species have involved repeated site-directed mutagenesis to disrupt the tetrameric interfaces, usually by substitution of hydrophilic or charged amino acids for hydrophobic and neutral moieties. Because a significant decrease in fluorescence emission quantum yield usually accompanies these genetic modifications, a second round of random mutagenesis is often necessary to rescue fluorescence. Another technique for generating ''pseudo'' monomers from FPs that exist naturally as dimeric complexes involves linking two copies of the FP cDNA with a short intervening DNA sequence encoding simple neutral or hydrophilic amino acids (glycine, alanine, and serine) to form ''tandem dimers'' (Fig. 8) . Upon expression in live cells, the fused FPs preferentially bind to each other to form an intramolecular dimeric unit that performs essentially as a monomer although at twice the molecular weight (and size). This method was successfully applied with HcRed by fusing two copies of the DNA sequence, separated by a short linker of four amino acids, to several subcellular localization proteins. 84 Tandem dimer constructs have also been developed with DsRed 71 and a photoconversion FP known as Eos 85 as will be discussed in more detail below. Other mechanisms for reducing FP oligomerization and aggregation effects include removing several basic residues from the N-terminus 86 and simultaneous co-expression of FP tagged proteins with an excess of a non-fluorescent mutant of the marker protein to generate heterodimers or heterotetramers that contain only a single target polypeptide and can thus be considered pseudomonomeric. 87, 88 
Fluorescent proteins from Anthozoa
The search for a red-emitting fluorescent protein with performance attributes similar to EGFP (i.e., brightness, photostability, and utility in fusions) has been seen as a critical avenue to providing an important tool for multicolor imaging and in generating new FRET biosensors with spectral profiles in the longer wavelength regions. 31 Another driver for the development of red FPs is that cellular autofluorescence is significantly reduced in this spectral region, allowing the probes to be detected deeper into biological tissue. 89 Furthermore, living cells and tissues better tolerate illumination by the longer excitation wavelengths, allowing extended periods for imaging. Unfortunately, after years of unsuccessful mutagenesis attempts to develop RFPs from the Aequorea-based FPs, the YFPs remain the most red-shifted of the GFP derivatives. 18, 31 To address this problem, several groups of investigators demonstrated that much of the color diversity in reef corals is a result of GFP-like proteins. 2, 90, 91 It is widely thought that these proteins evolved in the corals to fulfill roles that are distinct from those in the luminescent jellyfish. For instance, the production of FPs and related chromoproteins (FP-like proteins that absorb but do not fluoresce) in the sessile corals might function in a photo-protective role. 92, 93 Alternatively, the FPs might function to support the symbiotic relationships between the corals and algae. 94 Regardless of their evolutionary origin or biological function, many corals and other Anthozoa species have been identified that produce the FP-like proteins. These marine organisms are currently being mined for novel proteins that fill the gaps in FP color palette.
Over the past decade, FP-like proteins spanning the entire visible light spectrum have been characterized and cloned from Anthozoa, and some of these have been optimized for imaging applications (see Table 2 and Fig. 9 ). [95] [96] [97] One of the first Anthozoa-derived FPs to be extensively characterized was isolated from the sea anemone D. striata. This novel FP was originally called drFP583, but is now commonly known as DsRed. 95 When expressed in cells, the fully matured DsRed protein is optimally excited at 558 nm, and has an emission maximum at 583 nm. However, there are multiple problems associated with DsRed when used for live-cell imaging. Among the most acute of these problems is that maturation of DsRed is slow, and proceeds through an intermediate chromophore stage where most of the fluorescence emission occurs in the green spectral region. 74 This ''green state'' introduces signal crosstalk that limits the usefulness of DsRed for multiple labeling experiments. In addition, as mentioned above, DsRed is an obligate tetramer (see Fig. 7 ) with the tendency to form oligomers, and this can lead to protein aggregation and interference with the localization of linked protein in living cells. Although these side effects are not important when the probe is utilized simply as a reporter for gene expression, the utility of DsRed for a wide variety of investigations in cell biology is severely compromised. 71 Thus, in contrast to the Aequorea-based proteins that have been used to successfully label hundreds of different proteins, protein fusions to DsRed have proven far more problematic. These shortcomings have required strategies to improve DsRed through mutagenesis, or alternatively, to search for other FPs from corals with more optimal characteristics for live-cell imaging.
Fluorescent protein variants based on DsRed
The major problems associated with DsRed have been overcome in the past few years by site-directed and random mutagenesis approaches. This effort yielded a secondgeneration version of DsRed, appropriately called DsRed2, which contains a series of silent nucleotide substitutions corresponding to human codon preferences, as well as several mutations that increase the maturation rate. 98 In addition, the elimination of a string of basic amino acid residues at the amino terminus of DsRed2 (by mutation to acidic or neutral moieties) significantly reduces the tendency of the protein to form aggregates. 86 DsRed2 still forms a tetramer in solution (see Fig. 7 ), but the increased maturation rate greatly reduces the intermediate green species, making it more useful for multiple labeling experiments. 98 Further increase in the rate of maturation was realized with the third generation of DsRed mutants, which also display an increased intrinsic brightness. For example, the DsRed-Express variant (available from Clontech) can be detected within an hour after transfection of cells, compared to approximately six hours for DsRed2 and 11-15 hours for DsRed. 98 Still further improved versions of the tetrameric DsRed, named DsRed-Express2 and DsRed-Max, 99 exhibit faster maturation rates and improved solubility. However, since all these direct descendents of DsRed remain obligate tetramers, there has been a concerted effort to generate newer dimeric and monomeric red FP variants.
The generation of truly monomeric DsRed variants, as well as monomers from proteins derived from a host of different Anthozoa species, has proven to be a difficult task. 31, 49 For example, site-directed mutagenesis to break the tetramer formation by DsRed2 resulted in the generation of a non-fluorescent monomer. 71 To rescue fluorescence, Tsien and colleagues 71 applied successive rounds of random mutagenesis to the monomer, selecting for proteins in each round with improved red fluorescence (this approach is called ''directed evolution''). A total of 33 amino acid substitutions were required to generate the first-generation monomeric red fluorescent protein, which was termed mRFP1. 71 The rapid maturing mRFP1 overcame many critical problems associated with DsRed, while shifting the fluorescence emission about 25 nm deeper into the red spectrum. Unfortunately, mRFP1 exhibits significantly reduced fluorescence emission intensity (as expected, the quantum yield of the monomer is about 25% of DsRed2) and it is very sensitive to photobleaching. Furthermore, mRFP1 has an absorbance peak at 503 nm that arises from a non-fluorescent species, which likely indicates a significant fraction of the protein that never fully matures. Over the past several years, extensive mutagenesis efforts, 100, 101 including novel techniques such as iterative somatic hypermutation, 102 have successfully been applied to mRFP1 to yield a new generation (catalogued in Table 2 ) of orange, red, and far-red FP variants.
26,31

The ''mFruit'' series of fluorescent proteins
One of the most productive developments in the efforts to generate useful FPs in the orange and red spectral regions resulted from the directed evolution of mRFP1. 100 Shaner and colleagues 100 speculated that the chromophore amino acids Q66 and Y67, which are critical determinants of the spectral characteristics of the Aequorea proteins, would play a similar role in determining color of mRFP1 derivatives as well. Here, the directed evolution approach was applied to mRFP1, targeting these amino acid residues followed by selecting for new color variants. The result was a group of six new monomeric FPs exhibiting emission maxima ranging from 540 nm to 610 nm (Table 2 ). These new FPs were named mHoneydew, mBanana, mOrange, mTangerine, mStrawberry, and mCherry (the ''m'' referring to monomer), referencing the common fruits that bear colors similar to their respective emission profiles, and thus, these new FPs are commonly known as the ''mFruits''. Although the mFruits were a tour de force, yielding tremendous information about FP structure and function, several mFruit FPs, including mHoneydew, mBanana, and mTangerine, suffer from low intrinsic brightness and poor photostability. The most promising aspect of these probes is that the mere existence of mHoneydew (a cyan-type Y67W mutant) demonstrates that the tryptophan-based chromophore of CFP can undergo a further maturation into a longer-wavelength emitting species, 100 which may serve as a basis for further improvement using site-specific mutagenesis or directed evolution. The most promising members in the mFruit series are mOrange, mStrawberry, and mCherry. The structure of mCherry is shown in Fig. 10 , illustrating a general feature of the Anthozoa FPs-a more elliptical symmetry to the b-barrel than the Aequorea FP derivatives (compare Fig. 3 and 10 ). The mOrange FP is the brightest of the mFruit proteins and has spectral characteristics allowing it to be paired with other FPs in the cyan and green spectral region for multicolor imaging and as a potential FRET acceptor. Unfortunately, the photostability of mOrange is only B5% that of EGFP. Recently, the photobleaching deficiency was corrected by using a directed evolution approach that selected for enhanced photostability. 101 This approach yielded the mOrange2 derivative, which is about 30% more photostable than EGFP. mOrange2 also performs well as a tag for cellular proteins and the improved photostability should enable long-term imaging studies of cellular dynamics. The most useful red mFruit proteins, mCherry (610 nm emission peak) and mStrawberry (596 nm emission peak), have intrinsic brightness levels of B50% and B75% that of EGFP, respectively. However, mCherry is more photostable than mStrawberry, so it is the preferred choice for cellular imaging. Recently, another red FP, named mApple, was generated in the same photostability screen that yielded mOrange2, and it features spectral characteristics close to mStrawberry, but with significantly improved photostability. 101 The mApple variant is a rapid maturing, bright, and photostable RFP that might prove to be better choice for tagging cellular proteins that are difficult to label (i.e., histones, tubulin, and connexins).
Another FP that arose from the fruit series screen was an obligate dimer FP called dTomato. To exploit its characteristics while controlling the dimer formation, two dTomato units were joined (head-to-tail) through a sequence that encodes an optimized 12-amino acid linker, yielding a tandem dimer FP, called tdTomato (see Fig. 8 ). 100 The tdTomato derivative is the brightest FP yet reported, featuring an orange-red emission maximum at 581 nm, and is one of the most photostable FPs under widefield illumination. 26, 31 Although the tandem dimer is twice the size of the other mFruits, as discussed above, it has been proven useful in many fusions to cellular proteins, and is more easily detected, allowing it to be used in live-cell imaging studies at very low light levels.
The mFruit protein family was extended further by using a clever technique termed ''iterative somatic hypermutation''. 102 This approach yielded FPs with the deepest-red emission of any of the mFruit proteins, allowing imaging in the far-red (630 to 700 nm) region of the spectrum. The most useful probe is mPlum, which despite its low intrinsic brightness (B10% of EGFP), has a good signal-to-noise ratio because of the reduced autofluorescence in this spectral region. The mPlum variant also has excellent photostability, and should be useful for multicolor applications when combined with FPs emitting in the cyan, green, yellow, and orange spectral regions. These mFruit proteins, along with a multitude of new reef coral orange and red fluorescent proteins (discussed in Section 3.3), have filled essential gaps in the FP color palette to enable multicolor imaging scenarios (for example, see Fig. 11 ). The continued efforts to evolve proteins with optimal characteristics may ultimately yield the elusive RFP that has equivalent utility to EGFP. Among the important characteristics that still need to be addressed are photostability, maturation time, brightness, acid resistance, and utility as tags for cellular proteins that have been difficult to label. Although many new FPs feature properties that meet or exceed those of EGFP in some categories, no single FP yet discovered excels in all of them.
Novel fluorescent proteins from Anthozoa
A variety of novel and potentially useful FPs in virtually every color class have recently been cloned from Anthozoa, 76, 103 copepods, 104, 105 and amphioxus, 106 and researchers have extensively engineered these new probes to improve their utility for live-cell imaging. 26, 31, 103 Structural investigations of the stereochemical nature of the fluorophore and the effects of its surrounding environment on fluorescent properties have been essential for understanding of spectral diversity in the wide range of fluorescent proteins discovered so far. Aside from the Aequorea-protein derivatives, there appears to be a high degree of variation in the fluorophores of red-shifted fluorescent proteins. 107 Although the DsRed fluorophore configuration, termed planar cis, appears to be the predominant structure in most proteins that emit in the orange and red regions, there are at least two additional motifs, planar trans and non-planar trans, which have been elucidated through X-ray diffraction studies.
A planar trans motif found in the red fluorescent protein eqFP611 (discussed in Section 3.9), isolated from the sea anemone Entacmaea quadricolor, 108 displays one of the largest Stokes shift of any naturally occurring Anthozoan fluorescent protein. In contrast, the non-planar trans conformation is characteristic of the non-fluorescent chromoprotein Rtms5 from Montipora efflorescens. 109 Aside from the stereochemical variations, several proteins isolated from Anthozoa also have markedly different chromophore structures compared to the Aequorea variants (see Fig. 12 ). The maturation of orange and red Anthozoa FPs is believed to follow the same initial pathway as Aequorea GFP, but it continues with a second oxidation step 75 that generates an acylimine moiety integrated into the peptide backbone between the amino acid residue preceding the chromophore and the first residue of the chromophore (usually methionine, glutamine, cysteine, or glutamic acid in Anthozoa FPs). In several cases, the first residue of the chromophore also undergoes a cyclization reaction to form a third ring system, which further influences the emission spectrum. [110] [111] [112] As further studies into the complex characteristics of fluorescent protein chromophores yield clues about the structure-function relationship with the polypeptide backbone, the task of genetically engineering more finely-tuned color variants and broadening the spectral range of useful proteins will undoubtedly become easier. The diverse chromophore amino acid triplets uncovered so far in the Anthozoa proteins produce a huge range in emission maxima that probably arise from variations in the b-barrel structures. For example, the range of emission maxima for b-barrels with the MYG chromophore is 177 nm, 137 nm for QYG, 91 nm for TYG, and 80 nm for CYG. Therefore, additional mutations should be possible that will optimize the spectral characteristics and other properties of the FPs derived from these organisms. The following discussion will target novel non-Aequorea FPs that demonstrate potential for applications in live-cell imaging experiments.
Blue Anthozoa fluorescent proteins
Similar to the situation with Aequorea FPs, mining the Anthozoa species for blue FP variants with high brightness, pH resistance, and photostability has proven to be a challenging task. However, in recent years mutagenesis efforts have made significant progress in this area. 113 Capitalizing on the fact that many Anthozoa red FPs have chromophores that are formed via a blue intermediate, Subach and colleagues applied random and site-directed mutagenesis on a variety of Anthozoa FPs, including TagRFP, 114 mCherry, 100 and HcRed1, 84 to convert these orange and red proteins into blue FPs. The strategy was to introduce site-specific mutations that prevent maturation of the tyrosine-containing chromophore beyond the blue protonated intermediate, while simultaneously stabilizing the chromophore. The most promising candidate to emerge from this study was derived from TagRFP and named mTagBFP. When compared to blue Aequorea FPs having histidine in the chromophore (see Section 2.3, above), mTagBFP demonstrates superior brightness, faster chromophore maturation, and higher pH stability (see Tables 1 and 2 ). Regarding photostability, mTagBFP is less stable than EBFP2 under arc lamp illumination, but more than twice as stable when illuminated with laser light. mTagBFP has been demonstrated to perform well in most fusions with partner proteins and is an excellent FRET donor when coupled to green and yellow FPs from both Aequorea and Anthozoa.
Cyan Anthozoa fluorescent proteins
Several potentially useful cyan proteins have been isolated in Anthozoan species and improved versions of these FPs will likely see significant duty in live-cell imaging. Derived from the reef coral Anemonia majano, the AmCyan FP, 95 which is now commercially available (as AmCyan1; Clontech), has been optimized with human codons for enhanced expression in mammalian cell systems. 115 Originally named amFP486 (am for A. majano; FP for fluorescent protein; 486 emission maximum) in accordance with a nomenclature scheme 95 devised to simplify the classification of Anthozoan proteins, this variant exhibits a similar brightness level, but a significantly better resistance to photobleaching than Aequorea CFP. The absorption and emission maxima of AmCyan occur at 458 nm and 489 nm, respectively. Both peaks are shifted to longer wavelengths by 19 and 13 nm, respectively, compared to ECFP. Unfortunately, similar to most of the other reef coral proteins, AmCyan forms tetramers, which will significantly complicate attempts to employ this protein as a fusion tag or a FRET biosensor. Another potentially useful cyan Anthozoa protein, first isolated by Miyawaki and associates from an Acropara stony coral species, 96 is a cyan-emitting derivative named Midoriishi Cyan (abbreviated MiCy). MiCy was originally designed as the donor in a novel FRET combination with the monomeric Kusabira Orange FP (discussed below) to generate a biosensor probe with an excellent spectral overlap (discussed in Section 5.3). The fluorescence emission of MiCy features the longest absorption and emission wavelength profiles (472 and 495 nm, respectively) reported for any probe in the cyan spectral class. Furthermore, the high molar extinction coefficient and quantum yield exhibited by MiCy render the FP of equal brightness to Cerulean, although the spectra are far more sensitive to pH. Also similar to Cerulean, MiCy features a single exponential lifetime decay component with a time constant of 3.4 ns, which should be useful for measurements of FRET in combination with fluorescence lifetime imaging microscopy (FLIM). An unusual feature of MiCy is that it forms a homodimeric complex similar to the GFP variant isolated from the bioluminescent sea pansy, Renilla reniformis, 116 instead of the obligate tetramer observed in most coral reef species. Although the dimerization motif may be a problem in some fusion proteins, it should be far easier (than a tetramer) to mutate MiCy into a true monomer.
Recently, a new monomeric cyan fluorescent protein having superior brightness, pH resistance, and photostability has been introduced for live-cell imaging applications of fusion partners and as a FRET donor for yellow and orange acceptor fluorescent proteins in biosensors. 117 Termed mTFP1 (monomeric teal fluorescent protein 1; see Table 2 and Fig. 9 ), the variant was produced from a synthetic gene library built around the tetrameric cyan protein, cFP484, originating from a Clavularia soft coral. Displaying red-shifted spectral profiles (excitation and emission maxima at 462 and 492 nm, respectively) when compared to most other cyan members of this spectral class, mTFP1 has a total of 31 amino acid substitutions relative to the wild-type tetramer. This probe is classified as teal instead of cyan because it fills the spectral gap between the cyan and green FPs, and is optimally excited by the 457 nm argon-ion laser line that is available on most confocal microscopes. Unlike members of the Aequorea cyan FP group that feature the aromatic amino acid tryptophan at position 66 in the chromophore, mTFP1 contains the classical tyrosine residue at this location. Substituting tyrosine for tryptophan reduces the broad fluorescence emission spectral width from approximately 60 nm to a narrower 30 nm, a factor that is useful for reducing bleed-through in multicolor imaging experiments. In addition, mTFP1 has a high quantum yield and the relatively narrow emission spectrum strongly overlaps the excitation spectrum of the yellow and orange FPs. This new blue-green protein is also an excellent donor fluorophore for FRET studies using the Venus FP 118 (discussed in Section 5.3).
Green Anthozoa fluorescent proteins
A wide variety of FPs emitting in the green spectral region have been isolated from reef corals and sea anemones, and other variants will probably be discovered in even more diverse organisms. 105 One of the most promising of these probes was derived by random mutagenesis of a colorless chromoprotein isolated from Aequorea coerulescens, and is known as aceGFP. 119 The substitution of glutamic acid for glycine at position 222 (E222G) transformed the wild-type chromoprotein into a highly fluorescent species with a relatively symmetrical spectral profile, with an absorption maximum at 480 nm and an emission peak at 505 nm. The high molar extinction coefficient and quantum yield of aceGFP combine to produce a brightness level similar to that displayed by EGFP. Demonstrated to exist as a monomer by electrophoresis and gel filtration, this protein is commercially available from several sources (Clontech and Evrogen, as AcGFP1 and AceGFP, respectively) with human-optimized codon replacements. Proper localization of fusion products targeted at specific subcellular components and organelles (such as filamentous actin, the Golgi, nucleus, and mitochondria) indicates that aceGFP is quite useful as a marker and could have potential for pairing with red-emitting proteins in a novel FRET combination. However, the photostability characteristics of aceGFP remain unknown, and there are no clear advantages to the use of this protein over the more common Aequorea EGFP and Emerald variants.
Several closely related GFP-like proteins have been isolated from an assortment of copepod aquatic crustacean species. The brightest of these probes was originally called ppluGFP2, 91 and is now commercially available (Evrogen) under the names CopGFP and TurboGFP (an enhanced variant). CopGFP is efficiently excited using an argon-ion laser or FITC filter set (absorption maximum at 482 nm) and produces green fluorescence at 502 nm with a brightness value approximately 30% higher than EGFP and much greater resistance to changes in pH. It is reported to be a monomer in dilute solution, and CopGFP matures significantly faster than EGFP and is ideal for applications as a fusion partner targeted at expression in subcellular regions of low pH. However, stable cell lines that expressed this probe could not be isolated, which could indicate that toxicity might be associated with the formation of aggregates in long-term cultures. An improved version, TurboGFP, derived from site-directed and random mutagenesis, 91 retains the fast maturation kinetics of the parent protein with a slight loss in brightness and substantially lower resistance to acidic environments. Despite the improved folding kinetics and excellent optical properties of these proteins, however, photostability data have not been reported and no compelling evidence exists to demonstrate a significant benefit over the application of the extensively studied original GFP derivatives. Surprisingly, a green FP has recently been isolated from amphioxus, 106 representing the first report of an endogenous FP to be discovered in any representative of the deuterostome branch of the Animal Kingdom. Although not completely characterized, the amphioxus FP (named AmphiGFP) features an amino acid sequence that predicts the standard b-barrel structure and emits green fluorescence peaking at approximately 526 nm. Phylogenetic analysis indicates that AmphiGFP is more closely related to CopGFP than to the jellyfish versions. Several AmphiGFP variants were isolated from three species, which all express the protein in the anterior region of these shallow-water lancelets.
Green FPs have also been extensively mined from reef corals and several of these are commercially available. A bright FP termed Azami Green, 120 bearing only a surprisingly scant (less than 6%) sequence homology to EGFP, was isolated from the stony coral Galaxeidae and has been demonstrated to mature rapidly during expression in mammalian cell lines. Similarly, one of the original Anthozoa coral reef proteins from Zoanthus reported by Matz and colleagues 95 has also been transformed into a commercial product (Clontech) under the trade name ZsGreen. The probes have absorption maxima at 492 and 496 nm and emission peaks at 505 and 506 nm, respectively, allowing visualization and imaging with standard lasers and filter combinations in confocal and widefield microscopy. However, similar to most of the other proteins isolated in corals, Azami Green and ZsGreen (see Table 2 ) both exist as tetramers in the natural state, which significantly interferes with their use as fusion partners and as a FRET donor or acceptor in biosensors. Both site-directed and random mutagenesis efforts were successful in creating a monomeric version of Azami Green (mAG), but this type of effort has not been reported for ZsGreen although the protein has been re-engineered with human codons to optimize expression (resulting in a variant termed ZsGreen1). Because reliable fusion performance and photostability data are lacking, it is unclear whether either of these proteins will outperform EGFP in long-term imaging experiments.
The sea pansy, an Anthozoa soft coral, is the source of several green FPs that have been characterized and are now commercially available. [121] [122] [123] However, there is a general lack of reliable data concerning extinction coefficients, quantum yields, and photostability for the commercial Renilla proteins, so valid comparisons to EGFP regarding brightness and photobleaching are not possible. Furthermore, the Renilla GFP is an obligate dimer. 73 Despite the oligomerization problem, Renilla GFPs may be useful in many applications and have been expressed in a wide variety of organisms, including bacteria, fungi, and mammalian cells. Versions with human codon sequences are available from the commercial distributors, as are derivatives optimized for expression in other species. In summary, although a wide variety of green FPs have been obtained from species other than Aequorea, most exist natively as dimers or tetramers and have not been extensively characterized. Furthermore, it is unlikely that any Anthozoa green FPs will ultimately be determined to outperform EGFP or Emerald in routine live-cell imaging applications.
Yellow Anthozoa fluorescent proteins
In contrast to the many green variants that have been isolated, few proteins emitting in the true yellow spectral region (B540-555 nm) have been identified. The longest emission achieved for the Aequorea FPs is 530 nm, which appears green, not yellow when viewed in a widefield fluorescence microscope. Although the potential for new discoveries of yellow and green FPs in Hydrozoan species other than Aequorea is significant, only one candidate has surfaced so far. The protein termed phiYFP 91 was isolated from the Phialidium jellyfish that has very bright fluorescence (absorption and emission at 525 and 537 nm, respectively), and was shown to be useful for N-terminal (but not C-terminal) fusion tags. An extraordinary feature of phiYFP is that the naturally occurring protein ironically contains two mutations that were discovered in the protein engineering efforts using the Aequorea FPs. Mutations introduced into Aequorea derivatives at position 64 (leucine), which increases the folding efficiency, 25 as well as the tyrosine at position 203 20 that produces yellow fluorescence, are also present in phiYFP. This remarkable discovery of a natural similarity between the structure of phiYFP and genetically modified Aequorea proteins is a testament to the efficacy of protein engineering efforts directed at GFP to adjust the spectral properties. phiYFP has been improved further by random mutagenesis to produce a monomeric version without compromising the spectral properties, but this FP has yet to see extensive use in live-cell imaging or FRET applications.
ZsYellow (originally called zFP538) is a yellow FP that was discovered in the Anthozoan button polyp Zoanthus. 95, 124, 125 One of the most important features of the ZsYellow fluorescence emission spectrum is that the peak (538 nm) occurs almost midway between those of EGFP (508 nm) and DsRed (583 nm), presenting an opportunity to investigate the photophysical properties of proteins emitting fluorescence in the yellow portion of the visible light spectrum. The ZsYellow chromophore features a novel three-ring system (see Fig. 12 ) and peptide backbone cleavage resulting from the substitution of lysine for serine as the first amino acid residue in the chromophore tripeptide sequence. 110, 126 Because of the unique chromophore motif, the conjugation observed in ZsYellow is intermediate between that observed for EGFP and DsRed (one double bond more than EGFP, and one less than DsRed), which accounts for the positioning of peak emission wavelengths in the yellow region. Unfortunately, ZsYellow exhibits a marked tendency to form tetramers when expressed in vivo, hampering the use of this protein as a fusion partner for localization investigations. Furthermore, the reduced brightness level of ZsYellow (25% of EGFP) also limits the utility of this reporter in fluorescence microscopy (the human codon-optimized version is commercially available from Clontech as ZsYellow1). The unique emission spectral profile of ZsYellow, however, should encourage the search for genetic modifications that overcome the tendency to form tetramers while simultaneously increasing the quantum yield and extinction coefficient, an effort that could ultimately yield a high-performance monomeric yellow FP.
Orange Anthozoa fluorescent proteins
In recent years, many potentially useful orange FPs have been identified in various Anthozoa species. One of the first is a protein named Kusabira orange (KO), 96 which was isolated from the mushroom coral Fungia concinna (known in Japanese as Kusabira-Ishi). The sequence encoding KO was engineered to add ten amino acids to the N-terminus, resulting in an FP having an absorption maximum at 548 nm (ideal for excitation with a 543 nm laser) while emitting bright orange fluorescence at 561 nm. In an effort similar to the strategy used to generate mRFP1, a monomeric version of Kusabira Orange (mKO) was created after site-directed and random mutagenesis of 20 amino acids. 96 The monomer exhibits similar spectral properties to the tetramer and has a brightness value approximately equal to EGFP, but is slightly more sensitive to acidic environments than the tetramer. However, the photostability of this FP under arc lamp illumination is exceptional, making mKO an excellent choice for long-term imaging experiments. Furthermore, the emission spectral profile is sufficiently well separated from cyan FPs to increase the FRET efficiency in biosensors incorporating mKO, and the probe is useful in multicolor investigations with a combination of cyan, green, yellow, and red FPs (see Fig. 11 ). Recently, a fast-folding variant containing eight additional mutations, named mKO2, was developed and should improve the utility of this probe for live-cell imaging. 127 Another bright monomeric orange protein, named TagRFP, has been derived from the dimeric protein known as TurboRFP, originally cloned from the sea anemone Entacmaea quadricolor. 114 TagRFP was generated by sitedirected mutagenesis to replace several key amino acid residues involved in the dimer interface, while simultaneously performing random mutagenesis to rescue folding properties. Eight rounds of mutagenesis resulted in the final variant, which features excellent photophysical properties. TagRFP features an excitation peak at 555 nm, an emission peak at 584 nm, and is well tolerated as a fusion partner for many different proteins expressed in a variety of mammalian cell systems. The only drawback of TagRFP is relatively poor photostability under arc lamp and laser illumination when compared to other FPs in this spectral class. However, during the same investigation that uncovered a highly photostable variant mOrange2, similar mutagenesis of TagRFP yielded a single mutation (S158T) that increases the photostability almost 10-fold. 101 The resulting FP, named TagRFP-T, has spectral properties similar to the parent and is among the most photostable of the FPs yet discovered (see Table 2 ).
Red and far-red Anthozoa fluorescent proteins
The relentless search for a high-performance red-emitting FP to act as a complement to EGFP has begun to yield promising results. 31, 105, 128 Aside from DsRed and its variants (discussed in Section 3.1), a wide spectrum of potentially useful red FPs has been reported (spanning the emission wavelength range of 600 to 650 nm). However, many red FPs isolated from the reef coral organisms still suffer from some degree of the obligatory quaternary structure owing to their species of origin. 26, 76, 103, 129 Unlike the jellyfish proteins, most of the native and genetically engineered variants of coral reef proteins mature very efficiently at 37 1C, presumably a result of the differing water temperatures of their respective habitats. 63, 103 One of the first to be adapted for mammalian cell applications is HcRed, 130 which was isolated from the anemone Heteractis crispa and is now commercially available (as HcRed1; Clontech). HcRed was originally derived from a non-fluorescent chromoprotein that absorbs orange light through site-directed and random mutagenesis. A total of six amino acid substitutions were necessary to create a red fluorescent species that matured rapidly and efficiently at 37 1C (absorption and emission at 588 and 618 nm, respectively). However, like so many other reef coral proteins, the HcRed forms obligate tetramers when expressed in bacteria. Additional mutagenesis efforts resulted in a brighter dimeric variant, 124 but a monomeric version of the protein has not yet been reported. To generate a derivative of HcRed that is useful as a fusion partner for protein localization studies, a tandem dimer of HcRed has been constructed. 84 When fused to proteins that associate in biopolymers (such as actin or tubulin), the HcRed tandem dimer (tdHcRed) forms an intramolecular complex (mimicking a monomeric tag) that apparently does not interfere with the biological activity of the resulting chimera. However, because the intrinsic brightness and photostability of tdHcRed have not yet been improved, it remains a secondary choice for routine applications in live-cell microscopy.
A potentially useful far-red FP, named eqFP611 (see Fig. 12 ), was isolated from the sea anemone E. quadricolor and has a peak excitation at 559 nm, with an emission maxima at 611 nm. 131 The quantum yield and extinction coefficient of eqFP611 combine to yield a probe approximately as bright as EGFP. During the in vivo fluorophore maturation process, which occurs in about 12 hours at 30 1C (this protein does not mature at 37 1C), the protein passes through a green intermediate state. After maturation, however, only a small fraction of this green species (less than 1%) can be detected. In contrast to other Anthozoan FPs, eqFP611 has a reduced tendency to oligomerize at lower concentrations as evidenced by electrophoresis and single molecule experiments, 132 although at high concentrations the FP does form tetramers. Initial site-directed mutagenesis efforts have yielded functional dimeric variants of eqFP611, 83 but use of these FPs is hampered by the low maturation temperature that is not compatible with mammalian cells.
Additional work on eqFP611 using random and sitedirected mutagenesis has led to a series of red FPs that feature long Stokes shifts and emission maxima extending to 639 nm. 133 Introduction of several mutations into the parent FP yielded a dimeric variant termed RFP611, which was subsequently converted into a tandem dimer (tdRFP611). This improved version of eqFP611 features a high extinction coefficient and quantum yield that is significantly brighter than EGFP, but less photostable. In addition, a new far-red derivative (RFP639) and its tandem dimer were developed, but these FPs are only about half as bright as EGFP. Continued mutagenesis efforts produced a bright, monomeric version of eqFP611, named mRuby, which contains 29 mutations relative to the parent. 134 mRuby has excitation and emission maxima at 558 nm and 605 nm (similar to mCherry), respectively, and is one of the brightest monomeric red FPs yet developed (see Table 2 ). As an added bonus, mRuby retains the high Stokes shift of eqFP611 and is resistant to acidic environments (pK a = 4.4). Fusions of mRuby to over 30 targeting peptides and proteins have demonstrated excellent localization in most fusions (Davidson, unpublished). Two additional reef coral red FPs, AsRed2 and JRed, are commercially available (Clontech and Evrogen), but these probes form tetrameric and dimeric complexes, respectively, hampering their use in fusions. AsRed2 was originally isolated 95 as a chromoprotein from Anemonia sulcata and modified through mutagenesis 135 to yield a protein having an absorption maximum at 576 nm and an emission peak at 595 nm with a very modest quantum yield (0.05). Although the protein has been optimized with human codons for expression in mammalian cell lines, it exhibits only about 10% the brightness level of EGFP and the photostability has not been reported. The dimeric protein, JRed, was derived through extensive mutagenesis of a jellyfish chromoprotein 91 to produce a novel red fluorescent marker with peak absorption and emission wavelengths of 584 and 610 nm, respectively. The probe has been demonstrated to produce useful fusion tags that tolerate dimers but is unsuitable for expression in prokaryotes because of folding problems (no tandem dimer version has yet been reported). JRed is about 25% as bright as EGFP and exhibits limited photostability when illuminated in the 560 to 580 nm region, but can be successfully employed for long-term imaging experiments when excited with a 543 nm laser.
In a search for far-red FPs, Chudakov and colleagues 97 applied a directed evolution and random mutagenesis approach to the E. quadricolor protein known as eqFP578 and selected for novel FPs with deep red emission. This screen yielded a dimeric RFP called Katushka (emission maxima of 635 nm). Although only two-thirds as bright as EGFP, Katushka exhibits the highest brightness levels of any FP emitting in the deep red spectral window (650-800 nm), a region that is important for deep tissue imaging. A tandem dimer version of Katushka 89 performs well in many fusions and is approximately 4 times brighter than mCherry and 20 times brighter than mPlum.
Introduction of the four principal Katushka mutations into TagRFP generated a monomeric, far-red protein named mKate that has similar spectral characteristics. The photostability of mKate is reported to be exceptional, and the protein displays brightness similar to mCherry, which makes it an excellent candidate for localization experiments in the far-red portion of the spectrum. Continued mutagenesis of mKate led to a brighter variant, mKate2, 89 which is three times brighter, but retains similar spectral properties (see Table 2 ). mKate2 features excellent pH resistance and photostability, and transgenic studies in Xenopus embryos revealed that the protein has low toxicity for imaging applications in living animals.
Another far-red fluorescent protein, termed AQ143, has been derived from mutagenesis efforts on a chromoprotein isolated from the anemone Actinia equine. 107 The excitation and emission maxima of AQ143 are 595 and 655 nm, respectively, and the brightness is comparable to mPlum. AQ143 features the longest emission wavelength maximum of any FP yet reported, but it forms an obligate tetramer and thus, will probably see little action as a fusion tag. Despite the problems associated with current red and far-red FPs, the fact that FPs are capable of emission at such long wavelengths provides hope that protein engineers will someday be able to fine-tune the emission properties of existing or still undiscovered FPs into useful near-infrared probes. Although promising imaging candidates are now available in every FP spectral class from either Aequorea or Anthozoa species, there remains no equivalent to EGFP in terms of photostability, brightness, and performance in fusions, for much of the color palette. New additions to the blue and cyan region derived from several species exhibit substantially improved brightness and photostability, and many new orange proteins are excellent choices for long-term multicolor imaging. In addition, although brighter than EGFP, photostability is still suboptimal for the yellow proteins, whereas the red and far-red proteins are among the dimmest FPs in all spectral classes. Furthermore, many supposedly ''monomeric'' FPs do not, sometimes, localize as expected and are subject to aggregation artifacts. Even so, many newly reported FP derivatives can be combined for dual and triple color imaging to yield excellent results. Given that most of the orange and red FPs have only been introduced in the past several years, we remain optimistic that further studies into the complex characteristics of FP chromophores will yield clues about the structure-function relationship with the polypeptide backbone to render the task of genetically engineering more finely-tuned color variants and broadening the spectral range of useful FPs much easier.
Increasing the Stokes shift in fluorescent proteins
Imaging requirements for FRET, fluorescence cross-correlation spectroscopy (FCCS), and multicolor fluorescence has prompted protein engineers to attempt to modify the Stokes shift for the FPs through random and site-directed mutagenesis. In one of the first efforts, introducing the T203I mutation into wtGFP produces a variant, Sapphire, 18 devoid of the minor excitation peak at 475 nm, which was briefly discussed above (Section 2.2). Sapphire exhibits a dramatic Stokes shift of 112 nm, with excitation and emission maxima at 399 nm and 511 nm, respectively. A derivative with improved folding and brighter fluorescence, T-Sapphire (T for Turbo), was constructed by introducing four additional mutations. 27 These variants should be excellent donors in FRET combinations with orange and red proteins (see Fig. 13 ) because of their ability to be excited in the ultraviolet region.
Extending the Sapphire strategy to red FPs, Miyawaki and associates 136 used a far more rigorous approach to construct the longest Stokes shift FP variant yet developed (180 nm) starting with a non-fluorescent chromoprotein derived from the Montipora stony coral. Mutagenesis of five residues surrounding the chromophore led to a red FP having a bimodal excitation spectrum (peaks at 452 nm and 580 nm) with emission at 606 nm. An additional four mutations substantially reduced the 580 nm peak and blue-shifted the other absorption peak to 440 nm. This derivative, named Keima (after the Japanese chess piece), exhibits an emission maximum at 616 nm, but is tetrameric. Several more rounds of mutagenesis produced a dimer (dKeima) having similar spectral properties, and a monomer (mKeima; emission peak at 620 nm) was subsequently obtained. mKeima exhibits limited brightness (similar to the value for mPlum) and requires a specialized filter combination for imaging, but it has been demonstrated to be useful in FCCS and multicolor imaging experiments. 136 Recently, a tandem dimer 137 version (tdKeima) has been created from the brightest variant, dKeima, for use in fusions. Among the primary advantages of large Stokes shift FPs is the potential for coupling several colors together, such as tdKeima, mCerulean, and EGFP, which can be excited with a single laser line in multicolor experiments, thus reducing phototoxicity due to excitation illumination.
Optical highlighter fluorescent proteins
The photophysical properties of many FPs are often extremely complex and can involve several distinct emissive and non-emissive (dark) states, as well as on-and-off ''blinking'' behavior when observed at the single molecule level. One of the first observations of photoswitching in FPs was reported in wtGFP and several of its enhanced derivatives. 138 As we will see, the photoswitching properties can allow the investigator to change the color or the emission state of a FP, providing unique opportunities to track the dynamic behavior of proteins in living cells and animals. This quality can be extremely useful since, unlike the standard FPs that are uniformly fluorescent from the time they are produced, photosensitive FPs can be ''switched on'' at a particular time and location within the cell to track the behavior of a tagged protein.
Although FPs are known to undergo a variety of light-induced switching characteristics, the most useful are photoactivation, photoconversion, and photoswitching, functions that are collectively termed optical highlighting. Photoactivatable FPs are capable of being activated from very low level to bright fluorescence emission upon illumination with ultraviolet or violet light, whereas photoconvertable FPs can be optically converted from one fluorescence emission bandwidth to another. In contrast, photoswitchable FPs have emission characteristics that can alternatively be turned ''on'' or ''off'' with specific illumination (see Table 3 ).
As a class, optical highlighters allow direct and controlled activation of distinct molecular pools of the FPs within the cell. 129, 139, 140 The investigator selects the population of photoactivated or photoconverted molecules to be followed, so dynamic behavior can be monitored over time, independent of other newly synthesized proteins. An ideal optical highlighter protein should be readily photoconvertable (through the process of fluorescence activation and/or emission wavelength shifts) to produce a high level of contrast, as well as being monomeric for optimum expression in the target system. These probes are especially useful since measurements of the photoactivated or photoconverted populations of proteins are not influenced by newly synthesized or non-converted proteins, which either remain invisible or continue to emit the original wavelengths. 139 In addition, the time required for photoactivation is typically very brief (often less than a second), which allows direct investigations of extremely rapid cellular processes. By repeated excitation in the region of interest, optical highlighters can be continuously photoconverted at a specific intracellular location. Optical highlighters are also emerging as important tools in superresolution microscopy [141] [142] [143] [144] where their switching properties can be utilized to selectively convert limited numbers of molecules in a much larger pool. 
Photoactivatable fluorescent proteins
The unique photophysical properties of wtGFP were thoroughly investigated during the mid-1990's, 28, 73, 138 and served as a foundation for the creation of the first useful optical highlighter designed specifically for photoactivation studies. Termed PA-GFP (for photoactivatable green fluorescent protein), this optical highlighter was developed by improving the photoconversion efficiency of the native chromophore from a predominately neutral form to a species that is anionic in character. 145, 146 By replacing the threonine at position 203 with a histidine residue (T203H) in wtGFP, Lippincott-Schwartz and Patterson 145 produced a variant having negligible absorbance in the region between 450 and 550 nm, thus dramatically enhancing contrast between the non-activated and activated species. PA-GFP is optimally excited at 400 nm, but has negligible absorbance in the region between 450 and 550 nm. However, after photoactivation with violet light, the absorption maximum of PA-GFP is shifted to 504 nm, increasing green fluorescence when excited at 488 nm approximately 100-fold and providing very high contrast differences between the converted and unconverted pools (Fig. 14) . When PA-GFP-labeled proteins are photoactivated inside the living cell (Fig. 15A-C) , the diffusion of the newly fluorescent FPs provides a direct measure of the mobility of the labeled proteins. 139 The major drawback in the use of PA-GFP is that the non-activated form is not readily distinguishable before photoactivation, making it difficult to specifically identify the regions that are expressing the FP.
An optical highlighter derived from aceGFP, isolated from A. coerulescens, has been reported to transition from cyan (468 nm) to green fluorescence (511 nm) upon illumination at 405 nm. 147 Named PS-CFP (photoswitchable cyan FP), this unique highlighter is particularly advantageous because a significant level of cyan fluorescence is present prior to photoconversion, a feature that enables investigators to track and selectively illuminate specific intracellular regions. Unfortunately, the fluorescence emission intensity of PS-CFP (and its commercially available version, PS-CFP2; Evrogen) is approximately 2-fold less than PA-GFP, significantly reducing the contrast ratio ( Table 3 ). The photoactivation mechanism of both PA-GFP and PS-CFP is believed to be light-induced decarboxylation of the glutamic acid side chain in residue 222 (see Fig. 16A and B), which shifts the chromophore equilibrium to the anionic form.
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Several photoactivatable optical highlighters have been produced using site-directed mutagenesis of monomeric red-shifted reef coral FPs. The first variant, derived from mRFP1, was named PA-mRFP1, and exhibits a 70-fold increase in fluorescence intensity upon activation using UV illumination. 149 However, the low level of fluorescence observed with PA-mRFP1 (approximately 7% of PA-GFP) has prevented the widespread use of this highlighter. Shifting the focus to more advanced red FPs, Verkhusha and colleagues 150 recently reported a photoactivatable variant of mCherry having excitation and emission spectra at 564 and 595 nm, respectively. Compared to PA-mRFP1 the mCherry version features faster maturation, better pH stability, faster photoactivation, improved photostability, and higher contrast. This highlighter should be an excellent complement to PA-GFP for dual color photoactivation labeling in living cells and for superresolution microscopy investigations.
PA-GFP also serves as the activation agent in a new optical highlighter design based on FRET. 151 Termed Phamret (an acronym for photoactivation-mediated resonance energy transfer), this unique probe couples PA-GFP to a highperformance ECFP variant through a two amino acid linker to form a photoactivatable tandem dimer. When excited with 458 nm light, Phamret fluoresces cyan so that fusion with targeting peptides or proteins can be readily identified and selected for photoconversion. The PA-GFP portion of Phamret can then be photoactivated with 405 nm illumination to evoke FRET between the ECFP and activated PA-GFP. After photoactivation, Phamret exhibits green fluorescence (520 nm peak) upon illumination at 458 nm and can therefore be used as an optical highlighter. One of the advantages of Phamret is that imaging can be conducted using only a single excitation wavelength for both the native and photoactivated species. The major downside of Phamret is that two FP units were used to construct the probe, increasing the size, and possibly creating steric hindrance in some fusions.
Although there has been significant progress in the development of photoactivatable probes, there remains much room for improvement. The PA-FP color palette is still very limited, and these probes are difficult to track in the non-activated form. Furthermore, the brightness of the photoactivated species in all reported variants is less than 50% that of EGFP and their photostability is significantly diminished compared to the parent FPs. Continued progress in this area likely will yield an expanded color palette of photostable optical highlighters that are useful in a variety of studies.
Photoconvertable fluorescent proteins
One of the most useful classes of optical highlighters comprises the growing number of FPs reported to undergo photoconversion from one emission wavelength to another (Table 3) . Unlike photoactivatable FPs, these probes are readily tracked and imaged in their native emission state prior to photoconversion, making it easier to identify and select regions for optical highlighting. The first report of a photoconvertable highlighter involved a tetrameric FP isolated from the stony Open Brain coral, Trachyphyllia geoffroyi, which can be photoconverted from green to red fluorescence emission by illumination with ultraviolet light. 152 The discovery of this highlighter was serendipitous, as are many important discoveries. It occurred when the researchers accidentally left a test tube containing the protein on a laboratory bench near a window, and then astutely observed the shift from green to red. The unusual color transition prompted investigators to name the protein Kaede, after the leaves of the Japanese maple tree that turn from green to red in the fall.
Illumination of the commercially available (MBL) Kaede optical highlighter between 380 and 400 nm results in a rapid spectral shift from principal maxima at 508 nm (absorption) and 518 nm (emission) to longer wavelength peaks at 572 and 582 nm, respectively. Along with photoconversion, there is a dramatic increase in the red-to-green fluorescence ratio (approximately 2000-fold, considering both the decrease in green and the increase in red emission). Photoconversion in Kaede is stable and irreversible under aerobic conditions. Neither exposure to dark for extended periods nor strong illumination at 570 nm can restore green fluorescence to the chromophore. The red fluorescent state of the Kaede chromophore is comparable to the green in brightness and stability, and because the unconverted protein emits very little fluorescence above 550 nm, the appearance of strong red signal provides excellent contrast. The major drawback of Kaede is the tetrameric nature of the protein, which limits its use in most fusion applications in live-cell imaging, although the highlighter has been widely reported to be useful in transgenic studies. [153] [154] [155] [156] Similar FPs capable of being photoconverted from green to red fluorescence emission by violet and ultraviolet illumination have been discovered in the Great Star coral (mcavRFP; derived from Montastraea cavernosa), 91 soft corals (DendFP; derived from members of the genus Dendronephthya), 157 and the mushroom coral (rfloRFP; derived from Ricordea florida).
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Each of these optical highlighters (including Kaede, Eos and KikGR, discussed below) contain a chromophore derived from the tripeptide His62-Tyr63-Gly64 that initially emits green fluorescence until driven into a red state by a lightcatalyzed cleavage of the polypeptide backbone ( Fig. 16C and D) . These amino acids form the imidazolinone chromophore (similar to the Aequorea proteins). Irradiation induces cleavage between the amide nitrogen and a carbon atoms in the histidine residue with subsequent formation of a highly conjugated dual imidazole ring system, a process requiring catalysis by the intact protein and resulting in the dramatic shift of fluorescence emission to red wavelengths. 158, 159 The unconventional chemistry involved in this chromophore transition should provide fluorescent protein engineers with an excellent foundation upon which to develop more advanced highlighters. A monomeric variant 160 of the tetrameric DendFP has been developed through random and site-directed mutagenesis and named Dendra (from Dendronephthya sp. and red activatable). This highlighter features excitation and emission maxima for the green and red forms of 490/553 nm and 507/573 nm, respectively, and functions well in fusion tags for subcellular localization. The commercial version Dendra2 (Evrogen) is the first monomeric red-to-green optical highlighter that has enjoyed widespread use as a tracking tool in live-cell imaging. 31, 161, 162 An optical highlighter isolated from another stony coral (Lobophyllia hemprichii), the tetrameric EosFP (named after the goddess of dawn in Greek mythology), behaves similarly to Kaede and the other variants described above. EosFP emits bright green fluorescence at 516 nm (Fig. 17) , and can be photoconverted to orange-red (581 nm) fluorescence when illuminated at near-ultraviolet wavelengths. 163 Random and site-directed mutagenesis of tetrameric EosFP was used to generate two dimers and a true monomeric protein named mEosFP. Unfortunately, the monomeric variant of EosFP can only be expressed efficiently at temperatures below 30 1C, limiting the utility of mEosFP in mammalian systems. To create a pseudo-monomer suitable for imaging fusions at 37 1C, Wiedenmann and colleagues 85 linked two of the dimeric EosFP units together using a 16-amino acid linker to produce a tandem dimer. tdEosFP has turned out to be one of the most useful optical highlighters yet developed because of its high functionality as a tag in fusion vectors and for superresolution imaging. [142] [143] [144] Recently, an improved monomeric version that matures at 37 1C, named mEos2, has been reported. 164 Although not as bright as tdEos, mEos2 is an excellent complement for imaging problematic fusions (tubulin, histones, gap junctions; Fig. 15G-I ) that localize poorly with tandem dimers.
A third stony coral, Favia favus, has yielded a promising tetrameric FP that exhibits efficient photoconversion from green to red fluorescence emission wavelengths (similar to Kaede) upon irradiation with near-ultraviolet or violet light. 165 Genetic engineering efforts based on structural analysis of this protein produced a tetrameric variant, termed KikGR, which is several fold brighter than Kaede in both the green and red states when expressed in mammalian cells. Commercially available (MBL) under the trade name Kikume Green-Red (after Kikume-ishi, the Japanese term for Favia), the highlighter has been demonstrated to be successfully photoconverted using multiphoton excitation at 760 nm, 165 which can be used for specific labeling of cells with high spatial resolution in thick tissues. Furthermore, the KikGR highlighter features a wider separation of green and red emission maxima (75 nm versus 54 nm) than Kaede. Mutagenesis of the tetrameric KikGR yielded a monomeric derivative containing 21 mutations, which is named mKikGR and has been demonstrated to perform well in fusions that do not tolerate tetramers. 166 Both the green and red form of mKikGR are less photostable and dimmer than mEos2, however, this highlighter might perform better in tubulin and gap junction fusions (Davidson, unpublished).
Of the currently available monomeric green to red optical highlighters (mEos2, Dendra2, and mKikGR), the native and photoconverted species of mEos2 are the brightest followed by Dendra2 and mKikGR, respectively. 164 Dendra2 and mEos2 are almost equivalent in photostability for both the green and red species, and far more photostable than mKikGR. All three of these optical highlighters should be useful in a wide variety of dynamic tracking experiments and can be used for precise localization in superresolution microscopy. 143 As a significant side note, it appears that photoconversion in FPs is far more widespread than originally suspected as evidenced by observations of alterations to the emission spectral profiles of cyan and yellow FPs following photobleaching experiments. 101, 167, 168 In a recent investigation, several of the orange and red Anthozoa proteins, including mOrange, mKate, and HcRed1, have been observed to shift emission to longer or shorter wavelengths upon intense illumination using single and two-photon laser sources, although the contrast ratios between the native and photoconverted species are low. 169 Thus, photoconversion can be harnessed as a tool for cellular dynamics and superresolution microscopy, but investigators should also be aware that this phenomenon could surface as an artifact during photobleaching, FRET, or imaging experiments.
Photoswitchable fluorescent proteins
The phenomenon of photochromism (the ability to switch between fluorescent and dark states) has been observed in Fig. 16 Photoactivation, photoconversion and photoswitching mechanisms for optical highlighter FPs. (A, B) Photoactivation of PA-GFP (illustrated) and PS-CFP2 is believed to occur due to decarboxylation of Glu222 followed by conversion of the chromophore from a neutral to anionic state. (C, D) Green to red photoconversion for Kaede, KikGR, Dendra2, and Eos, all of which contain the HYG chromophore, occurs when the FP is illuminated with ultraviolet or violet radiation (405 nm) to induce cleavage between the amide nitrogen and a-carbon atoms in the histidine 62 residue leading to subsequent formation of a conjugated dual imidazole ring system. (E, F) Photoswitching of Dronpa involves cis-trans photoisomerization induced by alternating radiation between 405 nm and 488 nm. A similar isomerization mechanism is suggested to operate in mTFP0.7 and KFP1.
wtGFP and several yellow FP derivatives at the single molecule level; 138, 170 however, none have demonstrated this phenomenon when measured in bulk. In single molecule studies, FPs exhibited fluorescence for several seconds during illumination at 488 nm followed by an equally short interval without fluorescence, after which the fluorescence resumed. The on-and-off switching or ''blinking'' behavior 138 was repeated many times before each FP molecule ultimately photobleached. Unfortunately, photoswitching in most of the FPs described above is stochastic, and cannot be used in quantitative experiments. However, some optical highlighters have been isolated that can be reliably toggled on or off by illumination with different excitation wavelengths, and these are called photoswitchable FPs (Table 3) .
The most prominent and well-studied member of this class is named Dronpa, which is a monomeric variant derived from a stony coral tetramer. 171 Dronpa exhibits an absorption maximum at 503 nm (arising from the anionic, deprotonated chromophore) with a minor peak at 390 nm (from the neutral, protonated chromophore). The anionic chromophore emits green fluorescence with a maximum at 518 nm and has a brightness level almost 2.5 times that of EGFP. Dronpa photoswitching occurs partly by interconversion between the deprotonated (on state; bright) and protonated (off state; dark) forms. 172 Illumination at 488 nm drives Dronpa to the dark species after which the FP can be subsequently switched back on by brief illumination at 405 nm. This cycle can be repeated several hundred times without significant photobleaching. 173 The primary mechanism of FP photoswitching is thought to also arise from cis-trans isomerization of the hydroxybenzilidine (tyrosyl side chain) chromophore moiety that accompanies the changes in the protonation state. 174 Similar to other highlighters, Dronpa is useful both for dynamics and superresolution studies. 31, 143, 144 Variants of Dronpa with reversed photoswitching properties and broader spectra have been reported, 175, 176 but application of these rather dim FPs has so far been limited to evaluating their performance in superresolution imaging. Future versions will no doubt feature higher brightness and should prove useful in dynamics investigations.
Several photoswitching FPs in other regions of the color palette have been developed from anemones and corals. Kindling FP 177 (commercially available from Evrogen as KFP1) is a tetrameric highlighter that emits red fluorescence at 600 nm upon illumination with green or yellow light (525-580 nm). Upon cessation of illumination, KFP1 relaxes back to its initial non-fluorescent state. Irradiation with intense blue light (450-490 nm) completely quenches KFP1 fluorescence immediately, enabling control over the photoswitching (Fig. 15D-F) . A cyan FP from coral named mTFP0.7 (an intermediate in mTFP1 mutagenesis) has also been demonstrated to photoswitch, but has not been characterized in living cells. In addition, monomeric photoswitchable variants of mCherry have recently been introduced 178 as potential probes for superresolution microscopy. Termed rsCherry and rsCherryRev, these derivatives display antagonistic switching modes. Here, irradiation of rsCherry with yellow light induces the bright state and blue light drives the FP to the dark state, whereas the reverse is observed with rsCherryRev. Unfortunately, these FPs are only B10% as bright as mCherry when expressed as ensembles in cells, but are equally bright as mCherry on the single molecule level.
A new and unique optical highlighter derived from wtEosFP couples the properties of photoconversion and photoswitching into a single reporter. 179 Named IrisFP, a single mutation in wtEosFP (F173S) bestows reversible photoswitching induced by cis-trans isomerization of the chromophore in both the native (green) and photoconverted (red) species. Similar to the wild-type parent, IrisFP undergoes photoconversion from a green to a red-emitting state upon illumination with violet (405 nm) or UV light resulting from extension of the conjugated p-electron system that accompanies cleavage of the polypeptide backbone. Illumination of the green IrisFP species with 488 nm laser light drives the highlighter to a non-fluorescent dark state, which can then revert to a bright species upon illumination with low-intensity Investigations into the underlying mechanism of FP photoswitching 174, 180, 181 indicate that cis-trans isomerization of the tyrosine moiety in the chromophore is a key event in the process (see Fig. 16E and F) . The cis conformation represents the bright fluorescent state, whereas the trans conformation reverts the chromophore to the non-fluorescent dark state. These conformational changes are thought to be accompanied by varied chromophore protonation states that also determine the fluorescent properties. In addition, photoswitching is to some degree probably a manifestation of chromophore planarity and structural rearrangements of internal amino acid side chains within the chromophore cavity. These collective features may constitute a fundamental mechanism that is common to all photoactivatable and reversibly photoswitchable FP derivatives.
Fluorescent timer proteins
A unique, but limited, class of FPs that change spectral properties with time are called fluorescent timers, the first example of which was a variant of DsRed. 182 Termed E5, this DsRed derivative effectively functions as a fluorescent clock that slowly changes emission from green to red over a time period of several hours to provide temporal and spatial information on gene activity. Thus, green fluorescent regions indicate recent gene activation, while yellow-orange regions signify continuous activity. Areas exhibiting bright red fluorescence indicate that gene promoter activity has ceased for an extended period. FP timer E5 was used in vivo to demonstrate expression in C. elegans and Xenopus promoters. However, because E5 is an obligate tetramer, it has limited utility as a protein tag.
A recent study focused on improving fluorescent timers 183 yielded three monomeric variants based on mCherry that change fluorescence from blue to red over time. The mCherry derivatives are divided into distinct classes that exhibit fast, medium, and slow blue to red chromophore maturation rates, which are temperature dependent. The fastest variant exhibits a shift of blue to red fluorescence in approximately 15 minutes, whereas the medium and slow variants have corresponding times of 1.2 and 9.8 hours, respectively. These FP timers were demonstrated to be useful when expressed in bacteria, as well as insect and mammalian cells. Continued development of fluorescent timers should yield multicolored variants with improved brightness and photostability for long-term experiments.
The optical highlighter FPs produced from Aequorea GFP derivatives and reef coral proteins show a sufficient promise to warrant aggressive efforts to solve problems associated with oligomerization, limited brightness, and low photostability as well as fine-tuning of their spectral profiles. Further, engineering to generate more advanced optical highlighters should shift photoactivation wavelengths to the less phototoxic blue and green spectral regions while simultaneously pushing emission wavelengths into the yellow through far-red regions to significantly expand the potential applications of these probes.
Specialized techniques using the FPs
Over the past decade, FPs have launched a new and unprecedented era in cell biology by enabling investigators to apply routine molecular cloning methods, fusing these optical probes to a wide variety of protein and enzyme targets, to monitor cellular processes in living systems using fluorescence microscopy and related methodology. The spectrum of applications for fluorescent proteins ranges from reporters of transcriptional regulation and targeted markers for organelles and other subcellular structures (Fig. 18) to fusion proteins designed to monitor motility and dynamics (Fig. 19) .
A significant number of fluorescent probes in the FP toolbox are also being applied to some very innovative live-cell imaging investigations. For example, research in Jeff Lichtman's laboratory 184 recently combined the sequences encoding several different FPs into common reporter cassettes, which were then used to generate transgenic mice. Here, lox recombination sites were inserted between the sequences encoding the different FPs. This arrangement permitted Cre-mediated recombination to randomly determine which of the FPs would be expressed from a particular cassette. Remarkably, when multiple copies of the cassette were targeted to the mouse neurons, many different random color combinations were generated that allowed individual neurons within entire neural networks to be distinguished from their neighbors. 184 This Cre-lox system, appropriately termed Brainbow, is allowing the investigators to determine how cellular connections are established in neural circuits; information that will be critical for understanding how the nervous system works. Aside from multicolor imaging a variety of optical methods are now used to exploit the characteristics of the FPs.
Photobleaching techniques
The use of photobleaching techniques to visualize and quantify dynamic processes in cells was introduced in the 1970's. 185, 186 The strategy is straightforward: fluorescence recovery after photobleaching (FRAP) exploits the ability of laser scanning confocal microscopes to rapidly and irreversibly photobleach a small region of interest (ROI) within the cell. The recovery of fluorescence in the bleached region is then measured as a function of time while non-bleached FPs migrate into the ROI from adjacent regions (Fig. 20) . Provided the FPs are in equilibrium, the rate of influx of the non-bleached proteins provides an estimation of the mobility of the labeled protein population. However, although the methodology is well established and easily conducted, the interpretation of photobleaching data can be challenging. For instance, incomplete recovery of fluorescence can indicate the presence of one or more immobile populations of proteins that are bound stably to structures within the photobleached region. In addition, it may not be possible to completely photobleach the ROI in a brief time period, allowing highly mobile proteins to exchange with the unbleached compartment during the photobleach period. Therefore, proteins that are extremely mobile can be difficult to measure using photobleaching techniques, and a better approach might encompass using the photoactivation techniques described below (Section 5.2). Moreover, there can be unwanted photobleaching while monitoring the recovery phase that must be corrected for during data analysis, and there is always the potential for photodamage to light sensitive cellular processes. The behavior of proteins in intact cells is highly complex, and the mobilities that are determined by FRAP experiments are at best described as the average of many interactions and influences. 187, 188 Related photobleaching approaches, termed fluorescence loss after photobleaching (FLIP) and inverse FRAP (iFRAP), are modifications of the original FRAP technique that measure the loss of fluorescence from a ROI after photobleaching of an adjacent region. The FLIP technique involves repeated bleaching of an area within the cell to deplete fluorescent proteins that move through that area (reviewed in ref. 189 and 190) . The fluorescence in the ROI is monitored during the bleaching of the adjacent area, and if the regions are linked, fluorescence will decrease in the ROI as the FP migrates out and into the region of continuous bleaching. Proteins that are stably associated with a cellular structure will bleach more slowly than those that are more freely mobile. The FLIP and iFRAP approaches reduce concerns about photodamage artifacts possible in FRAP experiments, since the measurements are acquired from regions of cells that are not photobleached. 187 
Photoactivation and photoconversion techniques
The optical highlighter proteins can be ideal for the investigation of protein dynamics in live-cell imaging because photoactivation or photoconversion provides for controlled highlighting of distinct molecular pools within the cell (reviewed in ref. 128, 139 and 140) . Since only a limited population of photoactivated molecules exhibits noticeable fluorescence, their lifetime and behavior can be followed independently. Ideal optical highlighters (see Table 3 ) should be readily photoactivatable/photoconvertable to generate a high level of contrast, and should be monomeric for optimal performance as fusion tags. These probes offer a gentler alternative to the relatively harsh photobleaching techniques, such as FRAP and FLIP (Section 5.1), which generally require high laser powers and repeated illumination to completely eradicate active fluorophores from the region of interest. Furthermore, measurements are not influenced by freshly synthesized or non-converted FPs, which either remain invisible or continue to emit the original wavelengths. The first photoactivatable optical highlighter, PA-GFP, produces a 100-fold increase in green fluorescence (504 nm emission peak) as described above, enabling tracking of the dynamics in molecular subpopulations. 145 PA-GFP is difficult to detect in its non-activated form, which limits its use for some applications, but also gives it a high dynamic range for photoactivation. However, the co-expression of PA-GFP with another FP marker can often be used to overcome this limitation. The ability to ''switch on'' PA-GFP in a user defined ROI, and then follow the photoactivated protein as it diffuses from the ROI, provides a powerful approach to monitor the dynamic of proteins inside the living cell. PA-GFP is still the best optical highlighter in the green region of the spectrum, and has a far better dynamic range compared to PA-mCherry. 150 The photoconvertable proteins that switch color allow pulse-chase experiments that follow a highlighted population of proteins over time. In terms of brightness and conversion efficiency, the green to red Kaede protein is among the best performers. 152 However, as was discussed above (Section 4), there is a significant need for better performers in the optical highlighter category of FPs.
In addition to their utility in selectively labeling subpopulations of fusion proteins for dynamic studies, optical highlighters are also valuable tools in the recently introduced superresolution microscopy techniques designed to break the traditional Abbe diffraction barrier. 141, 142, 191, 192 These new methods include photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM), which rely on low levels of illumination to photoactivate selected individual molecules spaced further apart than the diffraction limit so that an array of magnified diffraction spots can be recorded on a highly sensitive camera. Adjacent molecules are not recorded because they still exist in the dark or inactivated state. The calculation of the exact coordinates of the single fluorescent molecules within the photoactivated population enables their localization with precision that exceeds the optical resolution of the conventional microscope. After switching off (or photobleaching) the registered molecules, a new group can be photoactivated and read out. Thus, the image is assembled one molecule at a time by means of iterative switching cycles. The reconstructed images feature optical resolutions down to 20 nm (see Fig. 15J-L) . These techniques are becoming increasingly faster and hold a significant promise for live-cell imaging with remarkable spatial resolution.
Fo¨rster resonance energy transfer
The lateral resolution (x-y) of the conventional microscope is limited to approximately 200 nm for blue light illumination and lower for illumination of longer wavelengths. Therefore, considerable distances may actually separate proteins that appear to be co-localized by multicolor fluorescence microscopy, limiting speculation about the interactions of the labeled proteins. The newer optical techniques discussed above promise several fold improvement in the optical resolution, 141 but much higher resolution is necessary to detect proteinprotein interactions in living cells. One method of gaining the Angstrom-scale resolution that is necessary to detect proteinprotein interactions is Fo¨rster or fluorescence resonance energy transfer (FRET) microscopy. FRET microscopy measures the direct transfer of excitation energy from a donor fluorophore attached to one protein to an acceptor fluorophore attached to an interacting protein. FRET results from electromagnetic dipolar interactions between the donor and acceptor fluorophores, and this limits the distance over which energy transfer can occur to less than approximately 80-100 Å . Thus, the detection of FRET can provide measurements of the spatial relationship of the fluorophores on the scale of angstroms. The essential requirement for the efficient transfer of energy from a donor to an acceptor fluorophore is a substantial overlap of the donor emission spectrum with the absorption spectrum of the acceptor (reviewed in ref. 42, [193] [194] [195] . Many FPs discussed above share overlapping spectra, and some have been proven useful for FRET-based microscopy.
Protein standards for FRET measurements.
The wide availability of FPs that emit across the visible spectrum and that have a suitable spectral overlap for FRET-based microscopic measurements has led to broad application of this approach. As will be discussed below, there are several different methods to acquire and verify FRET measurements. However, as it is true for any highly technical approach, the interpretation of the experimental results can be problematic, and it is difficult to directly compare the accuracies of different methods. Indeed, the favorable labeling characteristics of FPs led to a newfound popularity of FRET measurements to detect protein interactions in living cells, but this has resulted in what has been called ''degradation in the validity of the interpretations'' of these experiments. 196 To address this issue, the Vogel laboratory introduced a set of genetically encoded fusion proteins that could be used to evaluate systems for making FRET measurements by a variety of different methods. 57, 196, 197 Currently, the most commonly used FP combination for FRET-based imaging studies is the pairing of cyan and yellow FPs. Of the available FPs in these spectral regions, Cerulean, in combination with Venus, or Citrine is considered to be among the best FRET pairings. To develop fusion proteins that could serve as ''standard'' for FRET measurements, Thaler and colleagues 197 created genetic constructs that encoded Cerulean directly coupled to Venus through amino acid linkers of defined length. They generated a genetic construct that encoded Cerulean separated from Venus by a five amino acid linker, producing a fusion protein with consistently high (B45%) FRET efficiency. They also made a genetic construct with a larger linker that encoded the 229-amino acid tumor necrosis factor receptor associated factor (TRAF) domain separating the Cerulean and Venus proteins. This produced a fusion protein with low FRET efficiency (B10%). They then used three different techniques to measure FRET in cells that expressed the ''FRET-standard'' fusion proteins. For each of the fusion proteins tested there was consensus in the results obtained by the different FRET methods, demonstrating that these genetic constructs could serve as FRET standards. What maybe more important, other laboratories can also use these same genetic constructs to verify and calibrate FRET measurements obtained in their own experimental systems.
Recently, we used the FRET standard approach to directly compare different FPs as donors for FRET measurements. 198 An ideal donor FP for FRET studies should be photostable and have a high quantum yield, preferably close to that of the acceptor. The donor FP also should have comparatively narrow spectra and possess simple lifetime decay kinetics. For intensity-based FRET measurements, the ideal acceptor FP will also be very bright and photostable and have an absorption spectrum that strongly overlaps the emission spectrum for the donor. The new monomeric Teal FP (mTFP1, Section 3.5) has these characteristics, so we use the FRET standard approach to directly compare mTFP1 to Cerulean as a FRET donor for Venus. Our results showed that mTFP1 was an improved FRET donor for Venus compared to Cerulean. 198 Because of its increased brightness and optimal excitation using the standard 458 nm laser line, mTFP1 should improve the detection of interactions between proteins that are produced at low levels in cells. Furthermore, the improved photostability of mTFP1, and its excellent spectral overlap with acceptor proteins such as Venus or newer generation orange FPs (Section 3, above), makes it an appealing donor fluorophore for FRET measurements. In this regard, Venus suffers from poor photostability. Although this can be an advantage for certain FRET-based imaging approaches that use photobleaching (Section 5.4.3, below), there is a need for improved acceptor FPs. Unfortunately, while many of the evolved orange and red FPs have spectral characteristics that should make them excellent acceptor proteins for FRET, few of these proteins have yet been proven to be good FRET partners for intensity-based measurements. Below, we describe three separate methods for making FRET measurements from living cells using FPs. It is important to emphasize that more than one method should be used to evaluate FRET measurements, and that both positive (FRET standards) and negative FRET controls are critical to validate the experimental system.
Spectral bleed-through correction.
The required spectral overlap between fluorophores used for FRET microscopy also leads to significant background fluorescence, contributed by both the donor and acceptor fluorophores, which contaminates the FRET signal and must be removed for quantification of the signal. These fluorescence background signals are collectively referred to as spectral bleed-through (SBT) and must be removed from the image acquired in the FRET channel (donor excitation/acceptor emission) to accurately measure FRET efficiency. Several different computer algorithms have been designed for this purpose. [199] [200] [201] A comprehensive comparison of these and other correction methods has been published. 202 The most common approach is to acquire reference images of control cells expressing either the donor-or the acceptor-labeled proteins alone. The resulting information is then used to define and remove the contributions of the donor and acceptor SBT background from the FRET signal obtained from experimental cells that express both the donor-and acceptor-labeled proteins. SBT correction is specific to the collection conditions used on a particular instrument, and control measurements must be made for each experiment. Cell movement, focal plane drift, and a lack of precisely-registered images used for FRET determinations are potential sources of artifacts that will appear as regions of either very high or negative FRET in energy transfer images, and must be critically evaluated. 203 Because subtraction of large SBT contributions can introduce artifacts into the estimates of the corrected FRET signals, these correction approaches will work best when the fluorescence intensities of the donor-and acceptor-labeled proteins are similar, and accurately measured above the background noise. 202 In addition, energy transfer from the donor to the acceptor fluorophore is accompanied by a reduction of the donor fluorescence. Therefore, accurate removal of the donor contribution to the FRET signal requires knowledge of the donor signal that is lost to energy transfer, and the different algorithms mentioned above vary in their methods for accounting for this correction. Significantly, the accuracy of these spectral bleed-through correction methods is degraded as the spectral overlap between the FPs is increased to the point where spectral bleed-through components overwhelm the FRET signal.
Acceptor photobleaching.
A method that is commonly used to verify FRET measurements obtained using the SBT correction (Section 5.3.1) is called acceptor photobleaching FRET (pbFRET). When FRET occurs, the excited state energy of the donor fluorophore is directly transferred to the acceptor, resulting in quenching of the donor signal. If the acceptor fluorophore is destroyed by photobleaching, the donor signal will be increased (termed dequenching) because its energy is no longer transferred to the acceptor. Therefore, comparing donor fluorescence intensity before and after photobleaching measures the proportion of donor energy lost to FRET. 204, 205 Measuring FRET efficiency by the photobleaching approach requires selective bleaching of the acceptor, because any bleaching of the donor fluorophore will lead to an underestimation of the donor dequenching. 203, 206, 207 Because the acceptor is irreversibly bleached, however, the pbFRET method cannot be repeated on the same cell, so pbFRET is limited to a single experiment and is not useful to track interactions over extended periods of time. The pbFRET method is often used for verifying FRET results obtained by other methods.
Fluorescence decay measurements.
An alternative method to measure the effect of FRET on the donor fluorophore detects changes in the fluorescence lifetime of the donor in the presence of the acceptor. Where intensity-based imaging methods measure a time averaged fluorescent signal, fluorescence lifetime imaging microscopy (FLIM) measures the average amount of time the fluorophores spend in the excited state. The excited state lifetime is an intrinsic property of a fluorophore, and is not influenced by probe concentration, excitation light intensity, or light scattering, which makes FLIM particularly useful for biological applications. Furthermore, since FRET is a non-radiative process that depopulates the excited state of the donor fluorophore, it can be detected by FLIM as a reduction in the donor fluorescence lifetime. There is a direct and inverse relationship between the donor fluorescent lifetime and the FRET efficiency. When donor lifetimes are determined in the absence (t D ) and in the presence of the acceptor (t DA ), the ratio of these determined lifetimes provides a clear-cut method to estimate the efficiency of FRET (E FRET ) using the relationship:
The FRET-FLIM approach uses optical filtering to isolate the donor fluorescence emission signal and then measure the fluorescence lifetime. 58, [208] [209] [210] When there is non-radiative energy transferred from the donor to the acceptor, the donor excited state energy is dissipated and there will be a shift in the mean lifetime for the donor population to shorter lifetimes. Thus, when FRET occurs, FLIM will detect at least two donor populations: the unquenched donors (free donor) and the donors that are quenched by the acceptors (bound donor). These different populations will be reflected in the donor fluorescence decay kinetics, which can be described by at least two exponential components. Here, the accurate assignment of the donor populations will be improved if the donor fluorophore exhibits simple decay kinetics. In addition, it is important to choose an optical filter that efficiently collects the donor emission signal while eliminating the acceptor emission bleed-through, but this may be at the expense of photon counts. 211, 212 If these requirements are met, the measurements of the donor lifetime provide a robust method to quantify FRET. 58, 210, 213, 214 In practice, however, when expressed in the heterogeneous environments inside living cells, many FPs exhibit multiexponential fluorescence decays, which complicates the interpretation of fluorescence lifetime measurements. For example, both ECFP and its mutant variant Cerulean were found to exhibit different fluorescent states, which limit their use as donors in FLIM-FRET experiments. 58, 59, 215 For these FPs, variations in the protonation state of the chromophore allow multiple decay pathways for the donor fluorophore to exit the excited state. Because the fluorescence decay of the donor alone is already complex, the assignment of the quenched and unquenched donor populations from FRET-FLIM measurements can be difficult. In this regard, there are advantages in using GFP as a donor fluorophore for FLIM-FRET. First, it is the donor quantum yield that determines the R 0 for the FRET pair, and GFPs have a higher intrinsic brightness than Cerulean. Second, GFP is excited in a spectral window that generates less autofluorescence than that for any CFP. Third, as mentioned above, simple decay kinetics represent an important characteristic of donor fluorophores for FLIM studies. The emission decay of GFP is mono-exponential, which allows the unambiguous assignment of quenched and unquenched fractions in FRET studies. 58, 216 These characteristics have prompted the search for optimal FRET acceptors for GFP and green FPs from reef corals. Because of their spectral overlap with GFP both mRFP1 and its variant, mCherry, have been used as FRET acceptors for EGFP in FLIM studies. 58, 212, 216 The low quantum yield of mRFP1 actually improves the signal-to-noise, since there is less bleed-through from the acceptor detected in the donor fluorescence channel. 58 Still, acceptors that have increased spectral overlap with EGFP emission would increase the range of distance over which FRET could be detected. Recently, novel YFPs have been developed that have a high absorbance coefficient, but have extremely low quantum efficiency. This class of chromophore, called resonance energy-accepting chromoproteins (REACh), permits the optimal use of GFP as a donor for FRET-FLIM. 217, 218 Because the REACh probes have very low quantum yield, there is little concern about acceptor back-bleed-through emission in the donor channel. This allows the use of filters with a wider donor spectral window to collect optimally the donor signal. The measurement of a double-exponential fluorescence lifetime decay curve for EGFP in the presence of the dark chromoproteins will now accurately reflect the populations of free donor and donor quenched by the REACh probe. 217, 218 Additionally, the absence of fluorescence from REACh probes means that the spectral window normally occupied by the acceptor is now available for the detection of another probe. This opens the possibility of correlating the protein-protein interactions detected by FRET with the behavior of another labeled protein expressed inside the same living cells, the cellular biochemical network. 217, 218 
FRET-based biosensor proteins
Another important FRET-based approach for characterizing changes in protein structure in living cells involves monitoring energy transfer between donor and acceptor FPs attached to different sites in the same ''biosensor'' protein (Fig. 21) . Similar to the FRET standard approach described above (Section 5.3.1), the biosensor proteins incorporate a bioactive linker between the fluorescent proteins. Here, the binding of a ligand, or the modification of the protein linker, leads to a change in the conformation of the linker, thus changing the FRET signal. The early biosensor probes incorporated calcium sensitive linkers to monitor intracellular calcium fluctuations. 43, 44 These probes have been continually modified to incorporate optimized cyan and yellow FPs, increasing their sensitivity and dynamic range. 219 Recently, linkers incorporating kinase-sensitive domains that undergo conformational reorganization upon phosphorylation have been developed. Here, dynamic changes in the FRET signal are detected as a change in the emission ratio of the two fluorophores permitting the direct visualization of kinase activity in live cells. 78, 220 Ratio imaging of the donor and acceptor signal from the linked probes automatically corrects for the SBT background, greatly simplifying FRET measurements with the biosensor proteins. Continuing efforts in development of new FPs that are suitable as FRET probes will yield new biosensor probes that can be used in different spectral windows. 221, 222 This intramolecular FRET approach has tremendous potential in the development of FRET-based biosensors that can be used for large-scale screening approaches. 223 However, one caveat to this approach mentioned above (Section 2.5) concerns the potential formation of oligomers of the dual-labeled proteins, 69, 70 where the contributions from both intramolecular and intermolecular FRET will be measured. Another concern is the potential for proteolytic cleavage of the dual-tagged protein over the time course of the experiment, which will lead to separation of the FPs and potential loss of FRET signals. Despite these concerns, the genetically encoded biosensor FRET probes combine the features of subcellular targeting, signal pathway specificity, and detection sensitivity that allow the real-time monitoring of cellular events inside living cells. These FRET-based biosensors have tremendous potential in the development of large-scale screening approaches for the discovery of novel pharmaceuticals and the development of therapeutic strategies.
Conclusion and perspectives
It took over thirty years, and the advent of recombinant DNA, and vastly improved molecular biological approaches to see the pioneering work of Osamu Shimomura developed into a useful tool for live-cell imaging by Douglas Prasher and Martin Chalfie. Just in the past decade, however, we have witnessed a truly remarkable expansion in the palette of FPs, largely driven by the innovative studies from Roger Tsien's laboratory. We now have FPs that span almost the entire visible spectrum from deep blue to deep red, providing a wide choice of genetically encoded markers for studies in cell biology. What is more, many FPs have been identified that have optical highlighter characteristics that make them useful reporters of the dynamic behaviors of the proteins they label. Most of the FPs that are commonly used today have been modified through mutagenesis to optimize their expression in biological systems. Continued efforts using directed evolution approaches will no doubt improve the spectral characteristics, photostability, maturation time, brightness, acid resistance, and utility of the FP tags for cellular imaging.
In this critical review, we have described the origins and characteristics of the FPs that we consider to be especially useful or to have the potential for generating useful derivatives for live-cell imaging applications. We should emphasize that when selecting among the many different FPs that are now available, it is important to consider that live-cell imaging is a tradeoff between acquiring adequate signal from the expressed FPs, while limiting cell damage that might be caused by the illumination of the fluorophores. Living systems are more tolerant of longer wavelength illumination, and the newer generations of bright, photostable yellow to red FPs offer alternatives to the blue and cyan variants that require near UV excitation. Many of the newer generation FPs are very bright, and can be detected with minimal exposure of the living cells to the excitation illumination. Furthermore, if probes in the blue spectrum are necessary, long wavelength excitation of these probes can be achieved with two-photon microscopy, offering a less damaging alternative to near UV excitation. The many new FP probes are allowing non-invasive imaging techniques to complement and extend the results that are obtained by the biochemical analysis of the endogenous cellular proteins. Importantly, the measurements obtained from proteins labeled with the FPs in the natural environment inside living cells provide the most physiologically relevant information about protein behavior currently available.
